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CHANGES IN PERMEABILITY OF THE SKIN CAPILLARIES 
OF RATS AFTER HISTAMINE DEPLETION WITH 48/80, 
DEXTRAN OR EGG WHITE 


By B. GOZSY anp L. KATO 


From the Institute of Microbiology and Hygiene of 
the Unwersity of Montreal, Montreal, Canada 


(Received 29 January 1957) 


Repeated intraperitoneal injections into rats of histamine liberators such as 
compound 48/80, dextran or egg white led to a great reduction in the histamine 
content of the skin (Feldberg & Miles, 1953; Feldberg & Talesnik, 1953; 
Brocklehurst, Humphrey & Perry, 1955; Halpern, 1956; Kramer, 1956). The 
present experiments deal with the capillary reactions which can be obtained 
in rat skin depleted in this way of its histamine content. 


METHODS 
Seven-week-old albino rats of the Sprague-Dawley strain were used. The rats weight 100 g (+5 g) 
and were kept on a standard diet. 

Depletion of the skin histamine was carried out by daily intraperitoneal injections of either 
dextran, egg white or 48/80 for 8-13 days. During the course of the injections the doses were 
increased but all injections were well tolerated. For the depletion with dextran the injections were 
given for up to 10 days and the doses injected daily were 30, 60, 60, 120, 120, 240, 240, 360, 360 
and 480 mg. For the depletion with egg white the injections were given for up to 8 or 13 days 
and the daily doses were 0-5, 1, 1, 2, 2, 2°5, 25 and 3 ml.; and in those animals in which the 
injections were continued for 13 days, the subsequent doses were 3, 3-5, 3-5, 4 and 4 ml. For the 
depletion with 48/80 the procedure described by Brocklehurst et al, (1955) was adopted. Injections 
were given up to 8 days and the daily doses were 100, 140, 180, 250, 320, 400, 500 and 600 yg. 

The capillary reactions were tested by measuring the accumulation of ink or dye, injected 
intravenously, on the inside of the abdominal skin at the site of an intradermal or percutaneous 
application of either histamine, 5-hydroxytryptamine (5-HT), dextran, or 48/80. For this 
purpose the skin of the abdomen was shaved with an electric razor and the substances were either 
injected intradermally in a volume of 0-1 ml. or gently rubbed into the skin for 1 min with a cotton 
swab soaked with a solution of the substance to be tested (percutaneous administration). In each 
animal one side of the abdomen was used as a control for testing the reaction to 10 yg of histamine 
injected intradermally. Immediately after the local application of the substances, 0-75 ml. of a 
10% solution of indian ink or of a 1% solution of Trypan blue was injected intravenously. The 
ink (Gunther Indian ink) was diluted with physiological saline solution containing 1% gelatine 
and the Trypan blue was dissolved in physiological saline solution. The animals were killed 40- 
60 min after the injection of the indian ink or Trypan blue and the local accumulation of ink or 
dye on the inside of the removed abdominal skin was measured. 
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Animals reacted usually to the intradermal control injection of 10 ug histamine with a spot of 
indian ink or Trypan blue 1 cm in diameter. This reaction was graded + + and the intensity of 
the indian ink or Trypan blue accumulation on the other side of the abdomen was graded ac. 
cordingly as -, +, ++, +++, ++++, ++++ +. Animals which responded to the intra. 
dermal control injection of 10 ug of histamine with a reaction less than + + were discarded. 
With 48/80 the most intense dye accumulation occurred when it was injected intradermally, but 
with 5-HT when it was applied percutaneously. 

For percutaneous application 5-HT was used in a 1-5%, and histamine, 48/80 and dextran in 
2% solutions. The apparent oedema was taken as an indication of increased capillary permeability 
and graded 1-4 according to size. 

In several experiments the effects of antihistamines were examined on the capillary reactions 
produced by the local application of histamine, 5-HT, dextran, egg white or 48/80. In these 
experiments either mepyramine maleate, promethazin or diphenhydramin were injected intra- 
peritoneally in a dose of 5 mg/100 g, 30 min before the intradermal or percutaneous application 
of these substances. 

The histamine used was the dichlorhydrate, the 5-HT was serotonin creatinine sulphate. 


Dextran (70,400 mol.wt.) was kindly given to us by the Abbott Laboratories, and 48/80 by | 


Burroughs Wellcome and Co., through the courtesy of Dr Edwin J. de Beer. 


RESULTS 
Comparison of dextran, egg white (or ovalbumin) and 48/80 
Since dextran, egg albumin and 48/80 were used for depleting the rat skin of its 
histamine and also for testing the reactivity of the capillaries after depletion, 


preliminary experiments were made on normal rats to find out the smallest 
dose which would induce oedema formation on the extremities with intra- 


peritoneal injection and which would cause accumulation of circulating indian | 


ink or Trypan blue at the site of an intradermal injection. The results for 
intraperitoneal injection are given in Table 1 and those for intradermal injection 
in Table 2. In the experiments with intradermal injections, ovalbumin was 
used instead of egg white because ovalbumin is the substance responsible for 
the oedema formation on intraperitoneal injection of egg white (Leger, Mason 
& Prado, 1947). Using ovalbumin excludes the presence of substances in 
egg white which might interfere with the local capillary reactions following 
intradermal injections. The results of Tables 1 and 2 show the great differences 
in the potency of the three histamine liberators. 
Depletion with dextran 

An intraperitoneal injection of dextran produces in rats oedema of the face 
and paws but with repeated daily injections of dextran, even of increasing 
doses, the oedema formation diminishes and is finally absent. Experiments 
were carried out when this condition was reached 24 hr after the last intra- 
peritoneal injection of dextran. Such rats received three intradermal injections 
each of 5, 10 and 20 yg of either histamine, dextran or 48/80 into the abdominal 
skin followed immediately by an intravenous injection of either indian ink or 
Trypan blue. When the rats were killed 40-60 min later it was found that on 
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the inner side of the abdominal skin there was intense accumulation of the ink 
or dye at the site of the intradermal injections. If an antihistamine had been 
injected intraperitoneally 30 min before the intradermal injections the accumu- 
lation of dye did not occur. This is shown in Table 3, the results of which were 
obtained on rats which had been given 11 daily injections of dextran, but 
similar results were obtained on rats treated with intraperitoneal dextran for 
8 or 4 days only. The antihistamine used in the experiments of Table 3 was 
mepyramine but promethazin and diphenhydramin had the same effect. 


TasLe 1. Number of rate out of ten reacting with oedema formation on the extremities after 
intraperitoneal administration of increasing amounts of histamine releasers 


Intraperitoneally administered substances 
Dextran (ug) Egg white (ml) 48/80 (ug) 


100 250 500 1000 5000 0-0250-05 O01 02 025 25 50 75 100 


No. of rats 0 5 4 8 10 0 5 5 5 10 2 4 7 10 
out of ten 

reacting 

with oedema 


TasBLE 2. Intensity of accumulation of circulating indian ink and Trypan blue in the skin of rats 
induced by intradermal injection of increasing amounts of dextran, ovalbumin and 48/80 


Intradermally administered substances 
Dextran (ug) Ovalbumin (ug) 48/80 (ug) 
Indianink + + + + - ‘= .£ + + + ++++ 
| (++) 
Trypan blue + + ++ - ++ ++++ 
++ 


In another series of experiments on rats similarly treated for 11 days with 
increasing doses of dextran, the drugs histamine, 5-HT or 48/80 were applied 
percutaneously 24 hr after the last intraperitoneal dextran injection. As soon 
as the drugs had been rubbed into the skin for 1 min, indian ink or Trypan blue 
was injected intravenously. Intense accumulation of the ink or dye occurred 
on the inner surface of the skin at the site of the percutaneous application. On 
the other hand, no such accumulation occurred when the ink or dye was 
injected 1 hr after the percutaneous application (Table 4). Similar results 
were obtained on rats not treated with dextran; in these, too, accumulation of 
ink or dye occurred only as long as the ink or dye was injected within 30 min 
after the percutaneous application of histamine, 5-HT or 48/80. This is in 
contrast to the results obtained in experiments with intradermal injections of 
histamine. In these the accumulation of ink or dye occurred also when the ink 
or dye was injected 1 hr after an intradermal injection of 10 ug histamine. 


This was observed in normal and dextran-treated rats. 
1-2 
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These results on dextran-treated rats thus show that at a time of histamine 
depletion, when an intraperitoneal injection of a large dose of dextran no 
longer produces oedema of the skin, increased permeability of the skin capil- 
laries can still be induced by local application of histamine, 5-HT, dextran or 
48/80, and that this increased capillary permeability is inhibited by anti- 


histamines. 
Depletion with fresh egg white 

Experiments were performed during depletion with egg white at the fourth, 
eighth and the fourteenth day, and the same results were obtained as on 
animals depleted with dextran. Histamine, 5-HT and the histamine releasers 
dextran and 48/80 injected intradermally induced an intense dye accumu- 
lation in the skin of rats depleted with egg white, and the antihistamines 
inhibited the indian ink and Trypan blue reactions, 

If histamine, 5-HT or 48/80 was rubbed for 6 min into the skin of rats 
treated with egg white, oedema formed at the site of percutaneous application. 
Oedema formation began 30 min after the percutaneous application reached its 
peak, within 1 hr, then decreased and disappeared within 7 hr. The same local 
oedema formation could be induced by percutaneous application of histamine, 
5-HT or 48/80 in normal rats. This oedema formation, either on normal or on 
the depleted rats, was resistant to mepyramine but inhibited by promethazin, 
although both antihistamines inhibited the accumulation of indian ink and 
Trypan: blue induced by intradermal injections of histamine (see Table 5). 

In another series of experiments the reactivity of the capillaries to 48/80 
injected intraperitoneally was examined in rats depleted with egg white. The 
results are shown in Table 6. Oedema formation occurred after the intra- 
peritoneal injection of 48/80 to the same extent as in normal rats. The oedema 
reached its peak in 2 hr. The table shows further the effects of the anti- 
histamines mepyramine and promethazin on the oedema formation and 
accumulation of indian ink or Trypan blue induced by the intraperitoneal 
injection of 48/80. The animals were divided into two groups: one group 
received an intraperitoneal injection of the antihistamines, the other of saline 
solution, 30 min after the 48/80 administration. Thirty minutes later indian ink 
or Trypan blue was injected intravenously in all animals. The results were the 
same in normal and egg white-depleted rats; again, both antihistamines 
inhibited the dye accumulation, but the oedema formation on the extremities 
was inhibited only by the promethazin, it was not influenced by the 


mepyramine. 

: Depletion with 48/80 

48/80 is considered the most active histamine releaser. It seems that 
systemic administration of 48/80 on consecutive days liberates and eliminates 
completely the extrinsic histamine and probably also the 5-HT. Mast cell 
degranulation is irreversible, since prolonged administration of 48/80 produces 
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a complete destruction of mast cells, Regranulation needs considerably longer 
time than after the use of any other depletor. During the course of depletion 
with intraperitoneal 48/80 it was found that, on the third day, only 50%, and 
from the fifth day on, none of the animals reacted with oedema. On the ninth 
day of depletion the same experiments as those carried out on rats treated 
with dextran, shown in Tables 3 and 4, were performed with intradermal 
injection of histamine, dextran and 48/80 and with percutaneous administra- 
tion of histamine, 5-HT and 48/80. The results were the same as those on egg 
white- and dextran-treated rats. 

In another series of rats, depleted with 48/80, 2 ml. of egg white was given 
intraperitoneally on the ninth day to each animal. Sixty minutes later 
histamine, 5-HT or 48/80 was applied percutaneously on the abdominal skin 
of one side and 10 ug of histamine was injected intradermally on the other 
side; immediately thereafter the animals received an intravenous injection of 
indian ink or Trypan blue. The intraperitoneal administration of egg white no 
longer produced oedema formation on the extremities of the rats depleted with 
48/80, as it does on normal rats. However, accumulation of indian ink and 
Trypan blue occurred to the same extent as in normal rats, at the site where the 
histamine, 5-HT or 48/80 had been rubbed into the skin for 1 min, or where 
the histamine had been injected intradermally. 


DISCUSSION 


The results we obtained with histamine liberators can be satisfactorily 
explained only on the assumption that some of these histamine liberators 
affect the permeability of the capillaries, not only indirectly by the release of 
histamine and 5-HT, but also by a direct action on the capillary wall. The 
changes in capillary permeability produced by egg white can all be attributed 
to release of histamine and 5-HT, but to explain the changes in capillary 
permeability produced by 48/80 and dextran an additional direct effect of 
these substances on the capillary wall must be assumed. 

The skin oedema produced by intraperitoneal injection of 48/80 is fully 
explained by the ability of this substance to release histamine and 5-HT from 
the mast cells of the skin. On daily intraperitoneal injections of 48/80 the 
mast cells become depleted of their histamine and 5-HT, and the finding that 
oedema no longer occurs after the fifth or sixth injection is explained by 
depletion and degranulation of the mast cells, histamine and 5-HT no longer 
being available for release. In this condition the intradermal or percutaneous 
administration of 48/80 nevertheless continues to produce accumulation of 
circulating dye at the site of application. This effect must therefore result from 
a direct action of 48/80 on the capillary wall, an action which was found to be 
sensitive to antihistamines. Similar conclusions apply to dextran. On the 
other hand, egg white appears to lack a direct action on the capillary wall, 
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since it causes no accumulation of circulating dye when applied intradermally — 


or percutaneously to rats depleted by 48/80. 

It is known that oedema formation following injury is but weakly inhibited 
by mepyramine. In our experiments on rats depleted with dextran or egg 
white, oedema formation was not inhibited by mepyramine which prevented 
the accumulation of circulating dye. If accumulation of circulating indian ink 
or Trypan blue were indicative solely of increased capillary permeability, the 
oedema formation and the dye accumulation should occur simultaneously and 


it should not be possible to separate the two phenomena. The accumulation of — 


circulating dye is therefore thought to involve an additional reaction of the 
capillary endothelium. 


Ten years ago Jancso (1947) wrote that intravenously injected indian ink 


particles were stored in the endothelial cells of the small capillaries in the skin 
at the site of a stimulus or an injury. The local accumulation of indian ink or 
Trypan blue in our experiments may thus reflect not only increased capillary 
permeability but also activity of the capillary endothelium, i.e. of the histio- 
cytes and the fibrocytes, and the ability of the antihistamines to inhibit the 
dye accumulation may be an effect on this phagocytic function. In this 
connexion it is interesting to note that mepyramine as well as promethazin 
reduce considerably the phagocytic activity of the macrophages (K4té & 
Gézsy, 1956), and that antihistamines retard the elimination of indian ink 
from the circulating blood (Kewitz & Morgan, 1956). The absence of indian 
ink or Trypan blue accumulation in our experiments after the administration 
of antihistamines may thus result from inhibition of the phagocytic function 
of the endothelial cells. Our results suggest further a difference in action on 
the capillaries between different antihistamines. Some, like mepyramine, 
seem to act on the storing and phagocytic ability of the endothelial cells only, 
without inhibiting the permeability changes. They are thus unable, except in 
toxic doses, to prevent oedema formation. Others, like promethazin, inhibit 


both the phagocytic function and the increased permeability of the capillary 
wall. 


SUMMARY 

1. Depletion of the skin histamine in rats by repeated intraperitoneal 
injections of dextran, egg white or 48/80 does not affect the intense accumu- 
lation of circulating indian ink or Trypan blue which occurs at the site of an 
intradermal injection or of a short percutaneous application of histamine, 
5-HT, dextran or 48/80. 
_ 2. Percutaneous application of histamine, 5-HT or 48/80 for a long time by 
rubbing solutions of these substances into the skin for 6 min causes local 
oedema formation in the skin of normal and histamine-depleted rats. 

3. In rats which are treated with repeated intraperitoneal injections of egg 


white until the injections no longer produce skin oedema, an intraperitoneal 
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injection of 48/80 still causes oedema and accumulation of circulating dye as in 
normal rats. However, in rats treated with repeated intraperitoneal injections 
of 48/80 an intraperitoneal injection of egg white fails to produce oedema. 

4. In normal and histamine-depleted rats the accumulation of circulating 
dye is prevented by mepyramine and promethazin; the oedema formation is 
prevented by promethazin but not by mepyramine. 

5. It is concluded that the histamine releasers 48/80 and dextran, unlike 
egg white, have a direct effect on the capillary wall and that the increased 
permeability they produce is in part the result of this direct effect. 


This work was aided by grants from the Ministry of Health of the Province of Quebec (Federal- 
Provincial Health Research Grants) and from Les Fondations Rhéaume. 
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TION OF ODOUR THRESHOLD CONCENTRATION 
WITH PERCENTAGE OF POSITIVE RESPONSES 


By R. W. MONCRIEFF 
From 83 St Pancras, Chichester, Sussex 


(Received 4 March 1957) 


If a smell is reasonably strong it is possible to say whether or not it is present 
with the same certainty as whether a strong light can be seen or a sound heard: 
but when the smell is extremely weak, only just detectable, there is usually a 
measure of uncertainty about a subject’s responses. In work which has involved 
the frequent determination of the threshold concentration of solutions of 
odorants we have adopted arbitrarily the convention that the threshold is the 
lowest concentration which gives 50% positive responses, and we have styled 
this the PR,, value. It was not known whether the differences in threshold 
concentration would have been very great, or indeed if there would have been 
any significant differences at all, if we had required 75% positive responses 
instead of 50°. This paper is concerned with an examination of the PR,,, 
PR,» and PR,, thresholds for acetone and isopropanol under a variety of 
conditions. 
METHODS 


The substances, acetone and isopropanol, were chosen for test. Reasons for their selection were 

these. 

(a) Their smells are fairly strong. 

(6) They are free from accompanying trigeminal irritation, except possibly in very high 
concentrations. 

(c) Their smells are easy to recognize; that of acetone can only be described as characteristic, it 
reminds people of acetone and of nothing else; that of isopropanol is in high concentrations 
mainly alcoholic but in dilution it is reminiscent of garden thyme, and some people think 
it a little earthy; in great dilution it can also be reminiscent of hyacinths. 

(d) Acetone and isopropanol are closely related in chemical structure, the latter being the 
reduction product of the former 


so that if molecular architecture exerts, as has been suggested by the writer (1951), a deter- 
mining influence on the smell of a substance, these two should have smells that are of the 
same type; in fact the quality of smell of one bears no resemblance to the other, but both 
smells are characteristic, neither pleasant nor unpleasant and not very greatly different in 
strength. 
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Four series of trials were made. They were: 

(1) adapting with acetone then testing with acetone; 

(2) adapting with isopropanol then testing with isopropanol; 

(3) adapting with acetone then testing with isopropanol; 

(4) adapting with isopropanol then testing with acetone. 

The first two series are of homogeneous pairs, the last two of heterogeneous pairs. 

Direct smelling was carried out; the subject sat on a stool near a slightly open window with eyes 
closed, and @ bottle (6 oz. wide neck) containing 25 ml. of the odorant solution was held and just 
touched under his nose; he took one deliberate but not especially deep inspiration and the bottle 
was removed and substituted by another containing the test stimulus, so that on the next inspira- 
tion the subject breathed this in. Thus, each smell consisted of one inspiration and adapting and 
test odours were smelt in successive inspirations. The order was: breathe in the adapting stimulus, 
breathe out, breathe in the test stimulus. The subject said ‘yes’ or ‘no’ according as he could or 
could not smell the test stimulus; definite responses were encouraged but the subject was allowed 
to give a ‘doubtful’ response, when necessary. An interval of about half a minute was allowed 
between successive tests and after every four tests the subject was rested, usually by subject and 
observer exchanging their respective roles for four tests, then exchanging them back again, and 
soon. During a series of tests the adapting stimulus, e.g. 1% acetone, would be given repeatedly 
but the test stimulus would be drawn from a range of concentrations offered in random order, so 
that the subject had no idea of what to expect. Furthermore, a sample of distilled water was 
frequently offered as the test stimulus and this afforded a good reliability check. Each of the test 
stimuli was offered five times in all to the subject and five responses accordingly obtained. All 
dilute solntions were made up twice daily from more concentrated stock solutions on account of 
their liability to lose strength, and all solutions were made from odourless distilled water—tap 
water because of its chlorine content is quite unsuitable. The series of concentrations used for the 
test samples was chosen to embrace the threshold value for the particular adapting concentration 
used, pilot trials being run rapidly as a preliminary to determine approximately the threshold 
concentration. 

Three subjects carried out each series of trials. R. W. M. (male, 52 years) and 8. L. (female, 
17 years), took part in all the trials, and S. T. (female, 17 years) took part in three series out of the 
four and R. M. M. (female, 24 years) carried out the fourth series that 8. T. did not do. It was 
known from previous work that all four observers had a normal sense of smell. 


RESULTS 


Homogeneous pair: acetone and acetone. Acetone was used as the adapting 
stimulus and also, in a range of concentrations, as the test stimulus on the 
next inspiration. When the adapting stimulus was 100% acetone, some 
quickly run pilot trials showed that the threshold for the test stimulus was in 
the region of 6 or 7%, and accordingly solutions covering a range of 4-8% 
were used for test. Similarly, when the adapting stimulus was 1% acetone, 
pilot trials showed that the threshold for the test stimulus was about 0-4%, 
and a range of concentrations from 0-2 to 0-6% acetone was used for test, 
and water samples were also introduced as a reliability check at irregular 
intervals. Tests were made with adapting concentrations of acetone of 100, 
80, 75, 62-5, 50, 40, 25, 10, 5-0, 3-0, 1-5, 1-0, 0-50, 0-20, 0-10, 0-05, 0-02 %o 
All concentrations used were vol./vol. Scoring of the percentage positive 
responses is done on the basis that a ‘yes’ counts one point, a ‘doubtful’ 
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Fig. 1. Odour threshold concentration of acetone (ordinate) plotted against concentration of 
adapting solution of acetone (abscissa) ; log-log scale. © and central line, PR,,. (50% positive 
responses); © and upper line, PT,,; x and lower line, PR,,; the three lines are parallel. 
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Fig. 2. Odour threshold concentration, PR,» (ordinate), plotted against concentration of adapting 
solution (abscissa) for two homogeneous and two heterogeneous pairs; log-log scale. 
The rate of increase is much greater for the homogeneous than for the heterogeneous. 
x, acetone after acetone; 0, isopropanol after isopropanol; 0, isopropanol after acetone; 
4, acetone after isopropanol. Broken lines and filled-in symbols indicate PR,, and PR,, 


Lt 


owe 


hi 
ba 
pr 
sti 
in 
vaiues, 


VARIATION OF ODOUR THRESHOLD 13 


counts a $ poimt, and a ‘no’ counts nil. The minimum test concentrations 
which yielded 25, 50 and 75 % positive responses for the group were extracted 
from the experimental data and plotted on a log/log basis against their 
respective adapting concentrations, as shown in detail in Fig. 1. The PR,, line 
is also shown in Fig. 2, for comparison with the other pairs. 

Homogeneous parr: isopropanol and isopropanol. isoPropanol was used as 
the adapting stimulus and also as the test stimulus on the next inspiration. 
The threshold test concentrations for PRs» responses are plotted on a log/log 
basis against their respective adapting concentrations in Fig. 2, and near each 
end of the resulting straight line two points are shown through which the PRg, 
and PR.,, parallels can be drawn. 

Heterogeneous pairs. The results for the heterogeneous pair acetone and iso- 
propanol, i.e. acetone as the adapting stimulus, and isopropanol for the test 
stimulus, and those for the other heterogeneous pair isopropanol and acetone, are 
included in Fig. 2, the solid lines being the PR,» relationships and the PR,, and 
PR,, parallels being indicated by points through which they could be drawn. 


DISCUSSION 


It is known from previous work that when the logarithm of the adapting 
concentration is plotted against the logarithm of the test (just detectable) 
concentration, the points fall more or less on a straight line (Cheesman & 
Mayne, 1953), up to a limiting concentration (Moncrieff, 1957) which is about 
50% for acetone. It can be seen from Fig. 1 that if the PR,,, PR,, and PR,, 
values are so plotted then three perallel lines that are fairly close together 
result; the PR,, threshold is higher but only a little higher than the PR,, 
threshold which itself is a little higher than the PR,, threshold. Similarly, the 
PR,,, PR, and PR., values for isopropanol after self-adaptation are indicated 
in Fig. 2. 

Homogeneous pairs. The PR,, value for acetone (self-adaptation) is on 
average 35% higher than the PR,. value whilst the PR,, value is on average 
21% lower. The corresponding values for isopropanol (self-adaptation) are 
PR, on average 31% higher than PR,, and PR,, on average 19% lower. It 
can be seen from Fig. 1 that the PR,» curve is closer to the PR,, curve than 
to the PR,, curve. The points where the PR,,, PRs and PR,, curves intercept 
the axis—these points corresponding to their threshold values—are different, 
but the gradients of the curves are the same. In fact, therefore, all that the 
choice of a PR,, value instead of a PR,, or PR,, value entails is the choice of 
an intermediate threshold value; there is no difference in the rate of increase 
of the threshold value with the adapting concentration whether PR,,, PR5o 
or PR,, values are used. Accordingly, nothing is lost if consideration is paid 
only to the PR,» values. 
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Heterogeneous pairs. Two heterogeneous pairs, acetone: isopropanol and 
isopropanol: acetone, were investigated and their behaviour is to be seen in 
Fig. 2. It can be seen that as the adapting concentration is raised there is only 
very little increase in the threshold concentration compared with the consider- 
able increase that took place with the homogeneous pairs. Self-adaptation is 
very much greater than cross-adaptation. Whereas self-adaptation increases 
the threshold concentration of isopropanol from 0-07 to 2-0%, adaptation 
with acetone increases it only to 0-26°%. Whereas self-adaptation increases the 
threshold concentration of acetone from 0-03 to 5-0%, adaptation with 1so- 
propanol increases it only to 0-06 or 0-08%. Once again in these heterogeneous 
pairs the PR,, values are significantly lower and the PR., values significantly 
higher than the PR,, values, and there is a parallelism between the three PR 
values. 

SUMMARY 

1. Experiments have been made on the self-adaptation and cross-adapta- 
tion of acetone and isopropanol. 

2. Self-adaptation is very much more severe than cross-adaptation. Self- 
adaptation raises the threshold value of acetone more than 160 times and of 
tsopropanol about 28 times; cross-adaptation raises the threshold of acetone 
some two or three times and of isopropanol some four times. 

3. When the PR,, values (50°, positive responses) for threshold values are 
compared with the PR,, and PR,, values, there is found to be a parallelism. 
The PR,, concentration is approximately one-third higher than the PR,, 
concentration, and the PR,, concentration is about one-fifth less than the 
value. 

4. In view of the parallelism between the different PR values nothing is 
lost if, in considering the results of smell tests, attention is confined to the 
PR, values. | 


The work described has been carried out with funds provided by Airkem Inc., New York. 
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In the organization of the frog’s skeletal musculature three different types of 
fibres may be recognized: twitch (extrafusal), slow and intrafusal. In each 
kind of fibre junctional potentials of characteristic configuration may be pro- 
duced by motor nerve volleys. At the neuromuscular junction of twitch fibres, 
the end-plate potential (e.p.p.) is found. This has been analysed in detail by 
Fatt & Katz (1951), who showed that the active phase of neuromuscular 
transmission is a brief impulsive event lasting only a few msec and that the 
decline of e.p.p. is determined by the electrical properties of the resting muscle 
membrane. According to Fatt & Katz (1951) and del Castillo & Katz (1954), 
the action of the neuromuscular transmitter produces a relatively non-selec- 
tive increase of ion permeability which drives the junctional membrane toward 
an equilibrium potential near zero membrane potential. In slow skeletal 
muscle fibres small nerve junctional potentials (s.j.p.’s) have been described 
by Kuffler & Vaughan Williams (1953). Their time course is slower than that 
of the e.p.p. and their decay shows a phase of hyperpolarization. According to 
Burke & Ginsborg (1956) the slower time course of the s.j.p. is due largely to 
the multiple innervation of the slow muscle fibres by the small motor nerve 
fibres, and the diphasic decay may be ascribed to ‘delayed rectification’ 
occurring in the depolarized membrane. Burke & Ginsborg (19566) have 
also shown that the action of the transmitter on slow muscle fibres is similar 
to that on twitch muscle fibres; the transmitter reduces the resistance of the 
junctional membrane and drives the membrane potential toward a new 
equilibrium potential. 

The junctional potentials of intrafusal muscle fibres (i.j.p.’s) have been 
described by Koketsu & Nishi (1957) who found that the intrafusal muscle 
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fibres receive multiple innervation from motor nerve fibres and that the time 
course of their junctional potentials is relatively fast and shows no appreciable 
diphasic decay. In the present paper the membrane characteristics of the 
intrafusal muscle fibres are studied and the process establishing the i.j.p. is 
analysed. Experiments on twitch and slow muscle fibres have also been made, 
so that the properties of the junctional potentials in different kinds of fibres 
may be compared. 
METHODS 

Preparations. The species Rana nigromaculaia was used. Isolated single muscle spindles of 
M. extensor longus dig. IV were used for experiments on intrafusal muscle fibres. The isolation 
technique has been described in a previous paper (Koketeu & Nishi, 1957). 

M. iliofibularis was used for experiments on twitch and slow muscle fibres. The slow muscle 
fibres are grouped together at the inner side of this muscle and several nerve twigs enter from this 
side. All these nerve twigs, except one thin twig which innervates the inner side of the muscle, 
were cut and stimuli were applied to the whole nerve trunk. Movement caused by muscle twitches 
was prevented by this procedure, presumably because most large motor nerve fibres were cut. 
Micro-electrodes were inserted from the inner surface of the muscle. About 10-20% of the fibres 
in this part of the muscle seemed to be slow muscle fibres that could be distinguished from twitch 
muscle fibres by their resting potentials and by the presence of s.j.p.’s (cf. Kuffler & Vaughan 
Williams, 1953). 

Micro-electrodes. A single intracellular micro-electrode of low resistance was used both for 
recording potentials and applying currents, the potential drop across the electrode being balanced 
by a Wheatstone-bridge circuit (Koketsu & Nishi, 1957). When the resistance of micro-electrodes 
was between 15 and 20 MQ), steady currents of less than 4 x 10-* A could be passed through the 
electrodes. The effective resistances of twitch and slow muscle membranes were lower than those 
of intrafusal muscle fibres. Consequently, stronger currents had to be applied to these muscle 
fibres, particularly to the twitch muscle fibres. Micro-electrodes of a resistance less than 10 MQ 
with tip diameter less than 1 were selected for the twitch and slow muscle fibres. When the 


resistance of the micro-electrode was about 5 MO, steady currents of 5 x 10-* A could be applied 
without any technical difficulty. 


Solution and temperature. Ringer's solution of the following composition was used: 112 mm- 


NaCl, 2-0 mm-KCl, 1-8 mm-CaCl,, 2-4 mm-NaHCO,. All experiments were conducted at room 
temperature (20°-30 C) in summer. 


RESULTS 
Effective membrane resistance and rectification 
Applying the cable theory of Hodgkin & Rushton (1946) to the case of a 
single intracellular micro-electrode used both for recording potentials and 


applying currents, it may be shown that the electrotonic potential V is related 
to the applied steady current J by the following equation 


(Tm 
where r,, and r; are, respectively, the transverse resistance of the membrane 
times unit length, and the longitudinal resistance of the fibre per unit length. 
The term 1/2,/(r,,7;) is the effective resistance of the muscle membrane. 
A study was made of the relation between the voltage and current on intra- 
fusal, twitch and slow muscle fibres under identical experimental conditions. 
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When the displacement of potential was less than 10 mV in either direction, 
no appreciable rectification was observed in any of the three kinds of muscle 
fibre. The effective resistance of each fibre could therefore be calculated from 
the slope of the voltage-current relationship. The results obtained are given in 
Table 1. It will be seen that there was a distinct difference in the effective 
resistance between the three types of muscle fibre, although there was some 
variance within each group. This result has been represented diagrammatically 
in Fig. 1, which shows voltage-current relationships drawn at slopes corres- 
ponding to the mean effective resistance of each kind of fibre. 

In many intrafusal muscle preparations spike potentials cannot be recorded, 
even when the membrane is depolarized considerably (Koketsu & Nishi, 1957), 


Effective resistances derived from voltage-current 
The parenthesized values indicate the resting potential (mV) 


Intrafusal Twitch Slow 
Fibre muscle fibres muscle fibres muscle fibres 
I 4900 (38) ~ B10 (90) 1500 (58) 
II 5800 (40) 290 (87) 1000 (38) 
Itt 4600 (38) 260 (85 1200 (45) 
IV 4600 (35) 320 (92) 1300 (53) 
V 5400 (45) 330 (90) 900 (48) 
VI 5600 (43) 300 (88) 1400 (55) 
vil 5000 (38) — 
VIII 4500 (42) 
Mean value 5050 (40) 300 (89) 1200 (50) 
Depolarization 
10 Intrafusal 
9 
8 
7 
Slow 
4 
3 
1 (10° A) Twitch 
765432 4 5 7 
3 ? 
4 
5 
6 
7 
Hyperpolarization 8 
9 
0 


Fig. 1. Voltage/current relationships for intrafusal, slow and twitch muscle fibres. Each straight 
line represents the average slope obtained from eight intrafusal, six slow and six twitch 
muscle fibres. Abscissa (J), current strength in 10-* A; ordinate (V), displacement from the 
resting potential in mV. 
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and it is then possible to study the voltage-current relation over a wider 
range. Fig. 2 shows electrotonic potentials obtained from such a preparation. 
As mentioned above, no changes of effective resistance occur during the 
passage of a weak steady current. When, however, the membrane is depolar- 
ized by more than 10 mV, V decays gradually during the passage of the current. 
This rectification becomes clearly apparent when the applied current is strong, 
and the initial part of the catelectrotonic potential then shows a hump. In 


the case of hyperpolarization, when V exceeds approximately 20 mV, the ~ 


anelectrotonic potential increases gradually during the passage of currents. 
Thus, the intrafusal muscle membrane behaves as a rectifier, having a greater 
resistance to anodic currents than to cathodic currents. 


Fig. 2. Electrotonic potentials (upper traces in each record) produced by anodic (left-hand © 


column) and cathodic (right-hand column) currents. Depolarization upwards. The relative 
strength of applied currents is indicated by lower traces in each record. Resting potential, 
35 mV (note a local response in record 3); time mark, 60 cycles; vertical line, 10 mV. 


In twitch muscle fibres, local responses and spike potentials soon appear 
when depolarization exceeds about 30 mV. To avoid this complication, sodium 
ion in Ringer’s solution was replaced by magnesium ion or sucrose and electro- 
tonic potentials of twitch muscle fibres were recorded, often with the use of two 
micro-electrodes in one fibre (cf. Fatt & Katz, 1951). Numerous experiments 
indicated that the twitch muscle fibre membrane also has a rectifying property 
for applied steady currents, although this could not be observed in fibres which 
were seriously injured. Rectification usually appeared when the membrane 
was depolarized by more than 20-25 mV. 

That the slow muscle fibre membrane behaves as a rectifier has been shown 
by Burke & Ginsborg (1956a); in the present experiment, a reduction in 
resistance was usually observed when depolarization exceeded about 10 mV. 
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Burke & Ginsborg (1956) suggested that, as in the squid axon (Cole & Curtis, 
1941; Hodgkin, Huxley & Katz, 1949; Hodgkin & Huxley, 1952a), rectification 
in the slow muscle fibres is due to changes in permeability of the membrane 
to potassium ion which occur with a delay. It seems likely that the rectifica- 
tion observed in intrafusal and twitch muscle fibres can also be explained by 
such a delayed permeability change. It is possible, however, that in the case 
of intrafusal muscle fibres a transient increase of sodium ion permeability 
may also contribute to the initial hump on the catelectrotonic potential; for 
although propagated spike potentials are not always produced in these fibres 
they are capable of giving local responses (see below). 

A phase of hyperpolarization following the catelectrotonic potential is 
observed in Fig. 2 (Records 5 and 6). Such a hyperpolarization was usually 
observed in intrafusal muscle fibres as well as in twitch and slow muscle fibres. 
In record 2 of Fig. 2 the anelectrotonic potential decays with a phase of 
depolarization. These phenomena may also be explained by delayed rectifica- 
tion (cf. Burke & Ginsborg, 1956a). 

As seen in record 3 of Fig. 2, when strong hyperpolarization was applied, 
a small local potential was induced on the subsequent depolarization. When 
stronger hyperpolarization was applied, spike potentials were produced by the 
off-effect of hyperpolarization. As mentioned in a previous paper (Koketsu & 
Nishi, 1957), spike potentials were easily produced in intrafusal muscle fibres 
by the off-effect of hyperpolarization, even when none was produced by strong 
depolarization. This may be due to the removal of inactivation of a ‘sodium- 
carrier’ mechanism by strong hyperpolarization (Hodgkin, 1951; Hodgkin & 
Huxley, 19526). 


Time course of junctional and electrotonic potentials 

In several experiments on intrafusal, twitch and slow muscle fibres the 
electrode used for polarizing and recording electrotonic potentials was also em- 
ployed to record the junctional potential set up by a nerve stimulation at the 
same point of the muscle fibre. A comparison of the time course of the two 
potentials could then be made. As shown in Fig. 3, it was found that in twitch 
muscle fibres the decay of a locally recorded e.p.p. was always much faster 
than that of the electrotonic potential. In slow muscle fibres, on the other 
hand, the decay of the s.j.p. was always much slower than that of the electro- 
tonic potential. This may be explained by the fact that most twitch muscle 
fibres have only one junctional region, while slow muscle fibres are densely inner- 
vated so that their whole surface is depolarized on nerve stimulation (Burke & 
Ginsborg, 1956a). In intrafusal muscle fibres there was comparatively little 
difference between the time course of decay of the junctional potential and 
that of the electrotonic potential. This suggests that these fibres occupy, as 


regards distribution of nerve endings, an intermediate position, we ee 
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innervated over most of their length, the density of the innervation may be less 
than in slow muscle fibres. 

The i.j.p. sometimes shows a diphasic decay, i.e. it is followed by a phase of 
hyperpolarization, which may be due to membrane injury caused by insertion 
of the micro-electrode and consequent loss of membrane potential (Koketsu 


& Nishi, 1957). According to Burke & Ginsborg (1956), the diphasic decay — 


of s.j.p. is due to delayed rectification of depolarized membrane. It is con- 
ceivable that the hyperpolarizing phase of the i.j.p. occurs in the same way. 


Fig. 3. Electrotonic potentials (left-hand column) and junctional potentials (right-hand column). 
Records 1, 2 and 3 are electrotonic potentials of intrafusal, slow and twitch muscle fibres, 
respectively. Records 4, 5 and 6 are i.j.p., 8.j.p. and e.p.p., respectively. The electrotonic and 
junctional potentials were recorded from the same position of each muscle fibre. Lower 
traces in each record of left-hand column indicate strength of applied currents: record 1 
(1-2 x 10-* A), 2 (5-5 x 10-* A) and 3 (2-7 x 10-* A); time mark, 60 cycles; vertical lines, 5 mV. 


Membrane constants 

If the specific internal resistance (R,;) and the radius (p) of the intrafusal 
muscle fibres are known, their membrane constants can be calculated from the 
values of the effective resistance (1/2,/(r,,7;)) and the time constant (r,,) of 
the resting membrane. R,; was taken as 250 Qcm, on an assumption that the 
internal conductivity of intrafusal muscle fibre is the same as that of the twitch 
muscle fibre (Fatt & Katz, 1951). The diameter of intrafusal muscle fibres was 
measured directly from fresh preparations; the mean value was 15y. The 
length of the intrafusal muscle fibres was approximately 5 mm, and the posi- 
tion of inserted micro-electrodes was about 1-5 mm from the equatorial region 
of the muscle spindle (Koketsu & Nishi, 1957). 

The value of the specific membrane resistance (R,,), obtained from the 
effective resistance (5000 kQ cm), R,; (250Qcm) and p(7-5,), is 3300 Q cm’. 
Then, the length constant (A) was calculated as 0-72 mm. 

The approximate value of the time constant of resting membrane can be 
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obtained from the electrotonic potential (Hodgkin & Rushton, 1946). In the 
present experiment, a single intracellular micro-electrode was used both for 
recording potentials and applying currents; therefore, the time course of the 
electrotonic potential V can be expressed as follows 


Tm 

where V, and r,, are, respectively, the final values of electrotonic potentials 
and the time constant of the resting muscle membrane. Thus, the time con- 
stant of resting membrane will be the time the electrotonic potential takes to 
decay to 16% of its initial value. The mean value of the time constant ob- 
tained from the fibres used in Fig. 1 was 19 msec. Then the capacitance of the 
membrane was calculated as 5-5 /cm?. 


TaBLE 2. Membrane constants of intrafusal, twitch and slow muscle fibres. 
R, of the three different kinds of muscle fibres is assumed to be 250 Q cm 


Intrafusal Twitch Slow 
1/2 5000 300 1200 
2 xp (m) 15 100 44 
R, (Q em) 250 250 250 
(Q cm*) 3300 4900 
A (mm) 0-72 1-9 1-47 
T,, (msec) 19 16 45 
Cr, 5-5 4-5 9-2 


Although these calculated values may differ to some extent from the true 
membrane constants of intrafusal muscle fibres, it seemed interesting to com- 
pare them with membrane constants of twitch and slow muscle fibres ob- 
tained by identical experimental and calculating procedures. The specific 
internal resistance of both twitch and slow muscle fibres was taken as 250 2 cm. 
An attempt to distinguish between these two kinds of muscle fibres had, how- 
ever, to be made for the purpose of measuring their diameters. Twenty large 
and twenty small muscle fibres were therefore isolated from the inner side of 
fresh iliofibularis preparations and tested to see whether they gave action 
potentials on direct electrical stimulations. It was found that the large muscle 
fibres always produced action potentials; most of the small muscle fibres, on 
the other hand, did not give action potentials and it was therefore assumed that 
they were slow muscle fibres. The mean diameters of each group of fibres and 
the membrane constants calculated on this basis are given in Table 2. 


Action of neuromuscular transmitter 
The action of the neuromuscular transmitter (acety!-holine) on the twitch 
muscle membrane is brief and impulsive, lasting only a few msec, and it pro- 
duces a relatively non-selective increase in the ionic permeability of the end- 
plate membrane (Fatt & Katz, 1951). Consequently, the resting potential of 
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the end-plate membrane is driven toward an equilibrium potential (del 
Castillo & Katz, 1954). Burke & Ginsborg (19565) demonstrated that the 
s.j.p. is annulled when the membrane is depolarized to a particular level—the 
‘reversal level’. This finding shows that the action of the neuromuscular trans- 
mitter on the slow muscle membrane drives the resting potential of the 
junctional membrane toward a new equilibrium potential. To determine 
whether the action of the neuromuscular transmitter on the intrafusal muscle 


membrane is of similar nature, the effect of displacement of the resting — 


Fig. 4. The effect of changing the membrane potential on the i.j.p. The resting potential is altered 
by passing rectangular currents through the membrane. Depolarization upwards. In the 
left column, i.j.p.’s are superimposed on electrotonic potentials produced by rectangular 
current pulses; record 3 shows the i.j.p. alone. The records on the right were obtained from 
another preparation. The i.j.p. is superimposed on catelectrotonic potential produced by long- 
lasting rectangular current pulses. In records 6, 7 and 8, balancing of the Wheatstone bridge 
circuit was not satisfactory and base lines were not recorded. Record 10 is of the i.j.p. 
alone. Time mark, 60 cycles; vertical lines, 5 mV. 


potential on the i.j.p. was studied. It was found that when the membrane is 
hyperpolarized, the amplitude of the i.j.p. becomes higher; when it is depolar- 
ized, the i.j.p. becomes smaller than normal size. If the depolarization of the 
membrane exceeds a certain level, the i.j.p. is reversed (see records of right- 
hand column of Fig. 4). Unfortunately, the exact relation between the ampli- 
tude of the i.j.p. and the membrane potential could not be obtained in the 
present experiment, because the resistance of the micro-electrodes often 
changed when strong outward currents were applied, so that the exact value 
of the membrane potential could not always be measured. However, the 
changes in amplitude and sign of the i.j.p. strongly indicate that it represents 
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a displacement of the membrane potential toward a new equilibrium potential, 
and it may therefore be concluded that the action of the neuromuscular trans- 
mitter on the intrafusal muscle fibre membrane is similar to that on the twitch 
and slow muscle fibre membrane. 


Local potential 

It has been reported (Koketsu & Nishi, 1957) that many intrafusal muscle 
preparations do not produce spike potentials but give a junctional potential 
which shows a long-lasting slow potential superimposed on the falling phase 
of i.j.p. (Fig. 5). These slow potentials show summation on application of two 
successive nerve stimuli and disappear on tetanic stimulation (see records 
13 and 14 of Fig. 5). Insertion of micro-electrodes will easily injure the thin 
intrafusal muscle membrane and abolish spike potentials. It was suggested 


Fig. 5. Characteristics of the slow potential superimposed on the falling phase of i.)-p. In records 
of left column, short test pulses were applied through membrane during the course of the 
slow potential: the size of test pulses in record 1 represents the conductivity of resting mem- 
brane. Records 7-11 were obtained from another preparation and demonstrate the effect 
of changing the membrane potential on the slow potential. Record 9 shows the junctional 
potential alone. Depolarization upwards. Records 12 and 14 were obtained from another 
preparation and demonstrate the summation of the slow potential and the effect of tetanic 
stimulation on the slow potential. Time mark, 60 cycles; vertical lines, 5 mV (left column), 
10 mV (right column). 
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in the preceding paper (Koketsu & Nishi, 1957) that the slow potential super- 
imposed on the i.j.p. may be a local response evoked only from injured muscle 
fibres. Nevertheless, it seemed interesting to investigate the characteristics of 
these slow potentials and to study how they are established. 

If the slow potential is a potential change caused by changes in permeability 
towards diffusible ions, the conductivity of the muscle membrane must be 
increased during its course. The conductivity of muscle membrane during the 
development of slow potential was therefore measured by applying short test 
pulses to the membrane through an intracellular micro-electrode. Records 1-6 
of Fig. 5 show such an experiment. The size of test pulses is reduced during the 
course of the slow potential, particularly during its initial part. This indicates 
that the conductivity of membrane is increased in the initial part of slow 
potential and gradually returns to normal value as the membrane is repolar- 
ized. The slow potential was always followed by a phase of slight hyperpolar- 
ization, but there was no detectable increase in conductivity in the course of 
this hyperpolarization. The slow potential simply disappeared when the 
membrane was depolarized to a level near the peak of the slow potential. 
With hyperpolarization, the falling phase of i.j.p. became slower and the slow 
potential disappeared. 

DISCUSSION 

The time course of the falling phase of i.j.p. is determined by the time con- 
stant of resting membrane, the density of the multiple innervation, and the 
length constant (A) of muscle membrane. Comparison of the time course of 
junctional and electrotonic potentials of intrafusal and slow muscle fibres 
suggests that the density of the junctional region of the intrafusal muscle 
fibre is less than that of the slow muscle fibre. However, it is essential to note 
that the length constant (A) of slow muscle fibres is larger compared with that 
of intrafusal muscle fibres. An alternative explanation for the slower time 
course of s.}.p. is that the falling phase of s.j.p. may not be a simple passive 
decay and that some active transport of ions takes place in the course of its 
falling phase. 

In the course of the present experiment, s.j.p.’s which showed no diphasic 
decay were frequently observed, particularly immediately after insertion of 
micro-electrodes. It was also observed that the after-positivity of s.j.p.’s, as 
of i.j.p.’s, may be produced from injured membrane. Burke & Ginsborg (1956), 
suggested that the after-positivity of the s.j.p. may be due to delayed 
rectification, which occurs in depolarized membrane. However, it is con- 
ceivable that the after-positivity is due to the injured muscle membrane. 

When the i.j.p. reaches a certain potential, local responses will be induced 
from neighbouring muscle membrane. Such an active local potential is a 
pre-process of a sudden and specific increase of sodium ion (Hodgkin, 1951). 
A low membrane potential of muscle or nerve fibres causes inactivation of the 
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‘sodium carrier’ mechanism. If the activation of the ‘sodium carrier’ 
mechanism is weak, the local potential may remain without producing a spike 
potential. In twitch muscle fibres the spike potential was seen to disappear 
and the slow local potential remained when muscle fibres were injured by reé- 
peated insertion of micro-electrodes. The same situation must occur even more 
easily in thin intrafusal muscle fibres. The slow potential which was frequently 
superimposed on the falling phase of i.j.p. is explained as a local potential 
produced from injured membrane close to the junctional region. 


SUMMARY 


1. The effective membrane resistance and rectifying properties of intra- 
fusal muscle fibres have been studied and compared with those of twitch and 
slow muscle fibres. In most experiments, a single intracellular electrode was 
used for polarizing and recording. 

2. The time courses of junctional and electrotonic potentials of intrafusal 
muscle fibres have been compared with those of twitch and slow muscle fibres. 
It seems likely that the multiple innervation of intrafusal muscle fibres is less 
dense than that of slow muscle fibres. 

3. The membrane constants of intrafusal, twitch, and slow muscle fibres 
have been calculated. 

4, The action of the neuromuscular transmitter on the intrafusal muscle 
membrane appears to be identical with its action on the twitch and slow 
muscle membrane. 

5.! The falling phase of i.j.p. is a passive decay, its time course determined 
by the time constant of resting membrane and multiple junctional regions of 
muscle membrane. A slow potential which was frequently superimposed on 
the falling phase of i.j.p. is interpreted as a local potential produced from 
injured membrane close to the junctional region. 


This research was supported jointly by U.S.P.H.S. Grant B-413C 3 and the Teagle Foundation. 


REFERENCES 


Burks, W. & Guyspora, B. L.(1956a). The electrical properties of the slow muscle fibre membrane, 
J. Physiol. 182, 586-598. 

Burke, W. & Grvspora, B. L. (19560). The action of the neuromuscular transmitter on the slow 
fibre membrane. J. Physiol. 182, 599-610. 

Couz, K. 8. & Curtis, H. J. (1941), Membrane potential of the squid giant axon during current 
flow. J. gen. Physiol. 24, 551-563. 

DEL Castitx0, J. & Katz, B. (1954). The membrane change produced by the neuromuscular trans- 
mitter. J. Physiol. 125, 546-565. 

Farr, P, & Katz, B. (1951). An analysis of the end-plate potential recorded with an intra- 
cellular electrode. J. Physiol. 115, 320-369. : 

Hopexnms, A. L. (1951). The ionic basis of electrical activity in nerve and muscle. Biol. Rev. 26, 


Hopexm, A.L. & Huxuey, A. F. (1952a). Currents carried by sodium and potassium ions through 
the membrane of the giant axon of Loligo. J. Physiol. 116, 449-472. 


. 
j 
é 
is 
4 
a 
i.’ 
q 


| 


26 K. KOKETSU AND 8. NISHI 


Hopexm, A. L. & Huxuay, A. F. (19525). A quantitative description of membrane current and 
its application to conduction and excitation in nerve. J. Physiol. 117, 500-544. 

axon of the squid, Arch. Sci. physiol. 3, 129- 

Hopexm, A. L. & W. A. H. (1946). 
Proc. Roy. Soc. B, 188, 444-479. 

Koxetsu, K. & Nisa, 8. (1957). Action potentials of single intrafusal muscle fibres of frogs. 
J. Physiol. 137, 193-209. 

Korrier, 8. W. & Vavanan Wiiuiams, E. M. (1953). Small-nerve junctional potentials. The 
distribution of small motor nerves to frog skeletal muscle, and the membrane characteristics 
of the fibres they innervate. J. Physiol. 121, 289-317. 


af 
“ 
7 
» 
¥, 
J 
q 
> 
« 
4 


J. Physiol. (1957) 139, 27-41 


5-HYDROXYTRYPTAMINE AND THE ANAPHYLACTOID 
REACTION IN THE RAT 


By J. R. PARRATT anv G. B. WEST 


From the Department of Pharmacology, School of Pharmacy, 
University of London 


(Received 25 April 1957) 


In 1937, Selye described a syndrome, specific for rats, resulting from the intra- 
peritoneal injection of egg white. He called this syndrome ‘the anaphylactoid 
reaction’ since it occurs after the primary injection of the egg white. The chief 
symptom produced is oedema, especially marked in the paws and legs and 
around the snout, accompanied by marked pruritus. A similar reaction after 
injections of dextran, a high-molecular-weight polymer of glucose, was noted 
later by Voorhees, Baker & Pulaski (1951) and Morrison, Bloom & Richardson 
(1951), and a very exhaustive description of this syndrome has been given by 
Halpern & Briot (1950). 

It has been frequently suggested that the release of tissue histamine is 
responsible for the effects of the anaphylactoid reaction, evidence for which 
may be briefly summarized as follows: (1) both egg white and dextran release 
histamine; (2) injections of histamine liberators produce similar symptoms; 
(3) the reaction is inhibited in rats whose tissue histamine has been reduced 
by prolonged treatment with certain histamine liberators; and (4) large 
doses of certain antihistamine substances prevent or markedly reduce the 
reaction. 

Although the symptoms are not reproducible in full by injections of hista- 
mine, it has been concluded that the effects seen result from the local action of 
histamine at the site of its release (Feldberg & Talesnik, 1953). 

We have recently given an account of the occurrence and distribution of 
another highly active amine, 5-hydroxytryptamine (5-HT), and noted its 
presence in appreciable quantity in the skin of the rat (Parratt & West, 19574). 
The present paper provides evidence that the effects of the anaphylactoid 
reaction are mediated chiefly by the release of 5-HT and not histamine. A 
similar conclusion has been reached recently by Rowley & Benditt (1956), 
using less specific inhibitors of the actions of these amines than those reported 
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here and without estimating the release of the amines from the tissues. A 
account of our experiments has been communicated to the 
Physiological Society (Parratt & West, 1956). 


METHODS 


Groups of 4-6 female albino rats (weight 100-150 g) were used in all experiments. In the first set, 
the anaphylactoid reaction was developed by the administration of intraperitoneal injections of 
dextran (average mol.wt. 145,000, 300 mg/kg as a 6% solution in n-saline) or fresh egg white 
(24 mil./kg as a 50% (v/v) solution in n-saline). In the second set, subcutaneous injections of these 
substances (as well as those of other oedema-producing compounds) were made into the foot to 
study the vascular response in a specialized region of the skin. The local disturbances produced 
are essentially similar to those resulting from the systemic administration of these substances. 

Procedure for local injections. The technique employed was similar to that used by Gross (1950) 
and Halpern & Briot (1950) and since modified by Rowley & Benditt (1956), Each rat was lightly 
anaesthetized with ether and injected intravenously (external jugular vein) with 2 mg of Evan’s 
blue dye in 0-5 ml. n-saline 20-30 min before the subcutaneous injection of the oedema-producing 
substances. Drugs used to inhibit oedema were dissolved in 0-5 ml. n-saline and given intra- 
venously with the Evan’s blue dye, the total volume injected being constant (1 ml.). The oedema- 
producing substances were injected into the four paws of each animal, 0-05 ml. into the forepaws 
and 0-10 ml. into the hind paws. The following solutions were used: n-saline, dextran (60g/ml.), 
egg white (0-5 %, v/v, solution), compound 48/80 (10 ug/ml.), histamine (1 mg/ml.), 5-HT (5yg/ml.), 
polymyxin B (10yug/ml.), hyaluronidase (Bengers, 500ug/ml.), and formaldehyde (4%, w/v). 

Within 5 min of the local injection of the oedema-producing substances, blueing of the weal 
occurred, indicating in part increased vascular permeability to plasma proteins as well as to water. 
Maximal swelling and blueing of the dorsum of the foot was present in about 30 min and the 
results were read at this time. A second reading was always made at 2 hr. The swelling subsided 
in about 3 hr but blueing persisted for more than 24 hr. Injections of saline alone produced very 
slight blueing and swelling which subsided in about 1} hr and never exceeded 10 % of the maximal 
response shown by the other substances. 

Measurement of the oedema reaction. Quantitative methods used to evaluate the degree of 
oedema have included the increase in weight of the paws (Halpern & Briot, 1950), the increase in 
tissue water (Rowley & Benditt, 1956), and plethysmographic records (Wilhelmi & Domenjoz, 
1951; Cerletti & Rothlin, 1955). Our initial experiments used plethysmographic methods and 
the direct measurement of the diameter of the paws (Courvoisier & Ducrot, 1955). In our hands, 
however, neither of these methods offered any advantage over the purely visual method. Hence 
we have recorded the degree of swelling (oedema) and of blueing (leakage of plasma proteins into 
the tissue spaces) on a relative scale from 0 to +++. By allotting marks to each degree (+ = 2, 
++=4, +++ =6), the results may be expressed as a percentage of the maximal possible effect 
(++ +) for the dose chosen for each substance. On this system of measurement, a difference of 
20% is within the error of the test. The results so obtained agreed well with those secured by 
plethysmography, the maximal effect representing approximately a 30% increase in paw volume. 
The values shown in the tables are the means of three different experiments, separate records of 
the oedema and blueing being assessed to each rat and the scores then averaged. Usually oedema 
and blueing go hand in hand, though the mechanisms involved may be different (Gizsy & Kat, 
1956). 

Depletion of tissue amines. Repeated doses of polymyxin B, reserpine, or compound 48/80 were 
given intraperitoneally as previously described (Parratt & West, 1957b), to deplete the rat tissues 
of either histamine or 5-HT or both. The oedema-producing substances were then administered to 
these animals to determine which of these two amines is the more important in the anaphylactoid 
reaction. 
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Preparation of tisswe extracts and assay methods. The extraction of the tissues and the assay of 
the extracts for histamine and 5-HT have been described in detail (Parratt & West, 1957 a). 
Usually the following tissues were extracted—ventral abdominal skin, ears, pads and dorsal skin 
of the feet, and the spleen. The extracts were tested for histamine on the atropinized guinea-pig 
ileum and for 5-HT on the atropinized rat’s uterus. 

Perfusion of rat tissues. Rats were anaesthetized with intra-peritoneal injections of urethane 
(1-5 g/kg). The hind quarters were perfused through the abdominal aorta using oxygenated 
Locke’s solution and the venous effluent was collected from the vena cava (Feldberg & Mongar, 
1954). The venous effluent was tested for histamine on the atropinized guinea-pig ileum and for 
5-HT on the atropinized rat’s uterus. All values of histamine and 5-HT refer to the base. Details 
of the perfusion method and identification of the amines released have been described by 
Bhattacharya & Lewis (1956). 

Histological examination of mast cells. Fresh tissue spreads were fixed in absolute alcohol, 
stained for metachromatic material with toluidine blue (0-1%, w/v, aqueous), washed in 50% 
(v/v) alcohol and then taken through xylene before mounting. 


RESULTS 
The effects of a single intraperitoneal injection 
of dextran and egg white 
The visible effects of a single injection of either of these two substances were 
essentially similar to those previously described by other workers (for re- 
ferences see Halpern, 1956). Violent scratching, especially of the face, begins. 
about 15 min after the injection. Oedema of the face is soon prominent, 
followed by marked swelling of the limbs and feet. Maximal oedema occurs 
about 2 hr after injection and the last effects noted are marked erythema of 
the eyes and ears, in the latter case commencing at the base and working quite 
slowly towards the tip. Feldberg & Talesnik (1953) have pointed out that it is 
in those areas which are rich in histamine that pruritus and oedema are most 
pronounced; it is now known that these areas also contain much 5-HT 


(Parratt & West, 1957). 


Groups of rats were killed 7 and 24 hr after the injection of dextran or egg 
white and their tissues were assayed for 5-HT and histamine. Rats receiving 
saline were killed at similar times and their tissues assayed to provide control 
levels of these amines. The results shown in Table 1 are expressed as per- 
centages of these control levels. It will be noted that the major changes occur 
in the foot skin and pads and ears—areas where the local inflammatory 
reaction is most pronounced. Both 5-HT and histamine are released from 
most of these areas, in certain cases more than 50% of the amine being lost. 
It is noteworthy that the dose of dextran or egg white used usually releases 
more histamine than 5-HT. 

Despite the oedema, tissue mast cells in the subcutaneous tissue of the 
dorsum of the feet are only slightly affected by the dextran and egg white. 
Degranulation rather than disruption of the cells is the major effect noted, but 
it is not confined to perivascular mast cells since occasional groups of cells 
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situated at a distance from blood vessels are affected. This result suggests 
that degranulation of the mast cells may be secondary to the production of 
oedema. Mesenteric mast cells also show patchy degranulation and slight 
disruption. Tissue mast cells in the subcutaneous connective tissue of the 
ventral abdominal skin are unaffected, as would be expected from the result 
that skin in this area releases little or no histamine. 


Release of amines by intra-arterial injections of dextran and egg white 
Further proof that dextran and egg white release both 5-HT and histamine 
from rat tissues is provided by the results of intra-arterial injections of these 
substances into the perfused hind quarters. Both substances always released 
greater amounts of histamine than 5-HT (Table 2). Dextran released much 


Tasxe l. The effect of a single intraperitoneal injection of dextran or egg white on the 5-HT 
content and histamine content of tissues of rate at 7 hr and 24 hr after the injection. All 
values are expressed as percentages of the control levels 


Dextran Egg white 

‘6-HT Histamine 5-HT Histamine 

Tissue Thr 24hr 24hr 2hr Thr 2hr 
Abdominal skin 102 96 81 78 74 82 91 96 
Feet, dorsal skin 88 100 55 42 85 85 53 35 
Feet, pads © 6 47 «2 2 
Ears 42 66 30 45 50 — 66 — 


TaBLE 2, Release of 5-HT and histamine from perfused hind quarters of the rat by the single 
injection of dextran (30 mg) or egg white (0-25 ml.) 


Amine Dextran Egg white 
Expt. Expt.2 Expt. 3 Mean Expt.4 Expt. 5 ‘Expt.6 Mean 
5-HT 0-20 0-40 00-20 027 O19 #=#O18 Trace 018 


Histamine 10-55 25°85 8-85 15-08 2-06 3-22 2-38 2-55 


more histamine than did egg white, but whereas the dose of dextran used 
(0-5 ml., 6%) was about that given to the whole animal in the previous experi- 
ments, that of egg white (0-5 ml., 50% solution) was about 1/10 of that used 
in the whole animal. The rate of release of the amines, however, differed from 
that following polymyxin B or compound 48/80, and such an experiment is 
illustrated in Fig. 1. 

Dextran incubated with rat serum to produce anaphylatoxin failed to 
release more 5-HT and histamine from this preparation than did dextran alone. 


The effects of repeated injections of dextran 
The severity of the anaphylactoid reaction is known to be diminished by 
continued dosage with the oedema-producing substance (Voorhees et al. 1951). 
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10 20 30 40 SO 60 10 20 30 4 SO 60 
Time (min) Time (min) 


Fig. 1. Comparison of the release of histamine (()) and of 5-HT (@) from the perfused rat’s 
hind quarters after arterial injections of (A) 30 mg dextran, and (B) 100yug polymyxin B. 
The scale of histamine release in (B) is reduced to one-tenth of that actually released. The 
total amounts liberated after dextran were 14-8yug histamine and 0-84yg 5-HT, and after 
polymyxin 71-2yg histamine and 2-12yug 5-HT. | 


It has been suggested that each injection releases histamine which steadily 
decreases in amount. Repeated injections of dextran were therefore admini- 
stered to groups of rats, according to the dose schedule shown in Table 3. As 
the dose increased, so the symptoms diminished in severity until a refractory 
state was reached when massive doses of dextran failed to elicit a reaction. 
Nine doses totalling 6-45 g/kg were given over 5 days. One group of rats was 
killed 24 hr after the last injection and their tissues were extracted and 
assayed. The results in Table 4 show a similarity to those following a single 
dose of dextran (Table 1). In fact, repeated doses of dextran do not lower the 
5-HT levels in the tissues any further, and they produce lower histamine levels 
only in some of the tissues (e.g. pads and ears). Thus, when the anaphylactoid 


TasLE 3. Schedule for repeated intraperitoneal doses of dextran 


Dose (mg/kg) 
Day a.m. p.m. 
1 300 one 
2 300 450 
3 600 600 
4 600 1200 
5 1200 1200 
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Tasxz 4. The effect of repeated intraperitoneal injections of dextran on the 5-HT and histamine 
content of tissues of rate. Animals killed 24 hr after the last injection. All values are 
expressed as percentages of the control levels 


Tissue 5-HT Histamine 
Abdominal skin 75 75 
Feet, skin 
Feet, 

Ears 45 12 
Spleen 100 90 


reaction is absent as a result of repeated doses of dextran, histamine and 5-HT 
stores are not entirely depleted. 

When tissue mast cells are examined after repeated injections of dextran, 
the damage found is no more than that seen after a single injection. Some 
areas of the foot skin and subcutaneous connective tissue show marked 
degranulation and even some disruption of the cells but the effect is not 
uniform. 

Another group of rats made refractory to dextran was given a single intra- 
peritoneal injection of egg white 24 hr after the last dextran injection. Out of 
five rats, only one developed mild oedema in one foot. The reaction to egg 
white had been prevented by the previous doses of dextran. Rats made 
refractory to one oedema-producing substance (dextran) therefore appear to be 
refractory to another (egg white). 

Another group made refractory to dextran was left 3 days (i.e. without 
injection) and then retested with dextran. Out of five rats, four developed 
the full anaphylactoid reaction whilst the other showed a mild oedema. Thus 
recovery of this response is a rapid process. 


The effect of depletion of tissue amines on the anaphylactoid reaction 

One of the factors in favour of histamine being the mediator responsible for 
the anaphylactoid reaction was the interesting observation of Feldberg & 
Talesnik (1953) that depletion of tissue histamine by repeated doses of com- 
pound 48/80 prevented the oedema reaction of egg white. However, histamine 
is not the only substance released by compound 48/80. Bhattacharya & Lewis 
(1956) were the first workers to demonstrate the release by this compound of 
5-HT in addition to histamine from the perfused hind quarters of the rat, and 
we have found a release of up to 70% of the 5-HT from the skin of the rat by 
compound 48/80 (Parratt & West, 19576). Thus the possibility remained that 
5-HT as well as histamine was playing some part in the oedema reaction. 
Methods have recently been described to deplete the rat’s tissues of their 
histamine (leaving the 5-HT content almost unchanged) or of their 5-HT 
(leaving the histamine content almost unchanged), and hence the conditions are 
available for studying the possible role of each amine in the anaphylactoid 
reaction. Fig. 2 summarizes the effects of repeated doses of polymyxin B, 
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100 100 


= All, 


Polymyxin = Compound 48/80 


reserpine on the 5-HT (7) and the histamine (()) contents of rat skin (for doses, see Parratt 
and West, 19576). Values are expressed as percentages of the control levels. 


compound 48/80 and reserpine on the tissue amine levels in the skin of the rat 
(for details of doses, see Parratt & West, 19575). 

Previous treatment with polymyxin B. Twenty-four hours after the last dose 
of polymyxin B, a single intraperitoneal injection of dextran or egg white gave 
the full anaphylactoid reaction with marked oedema in the feet, erythema and 
pruritus, despite the histamine content of the skin areas being only 10% of 
the control levels. Nevertheless, assay of tissue extracts indicated that the 
oedema-producing substances after this polymyxin treatment still released 
5-HT from most skin regions. 

Previous treatment with compound 48/80. Twenty-four hours after the last 
dose of compound 48/80, a single intraperitoneal injection of dextran produced 
no oedema in eight rats and very slight oedema about the feet in another four 
rats. Pruritus and hyperaemia of the ears, which were very marked in the 
saline-treated rats given dextran, were greatly reduced. This result is essentially 
similar to that obtained by Feldberg & Talesnik using egg white. 

Previous treatment with reserpine. Twenty-four hours after the last dose of 
reserpine (which was followed by 10 ml. of n-saline intraperitoneally), a single 
intraperitoneal injection of dextran or egg white failed to produce oedema in 
nine rats but gave patchy oedema of the feet in another three rats. Pruritus 
was greatly reduced. 

These results suggest that the amine largely responsible for the effects of the 


i reaction in rats is 5-HT. If the tissues are first depleted of this 
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amine by treatment with reserpine or compound 48/80, then the oedema is not 
produced. On the other hand, depletion of histamine alone by treatment with 
polymyxin B is not-sufficient to prevent the production of oedema, since the 
5-HT which remains is still available for release. 


The presence of a 5-HT-like substance in oedema fluid 
Having thus determined the importance of 5-HT in the anaphylactoid 


reaction, tests were made to determine if the oedema fluid contained a 5-HT- - 


like substance. Rats were given a single intraperitoneal injection of dextran 
or egg white and then killed when the oedema was at its peak (after 14-2 hr). 
The dorsal skin of the foot was removed and the fluid in the subcutaneous 
regions absorbed on to small strips of filter paper (0-02 ml. fluid per strip). 
One strip when placed in isolated organ baths produced contraction of both 
atropinized rat’s uterus and colon (test preparations sensitive to 10-* 5-HT). 
There was a time lag of nearly 60 sec probably accounted for by the diffusion 
of the active substance from the filter paper into the surrounding fluid. These 
contractions, as well as those of the standard 5-HT, were prevented by the 
presence of L.8.D. or BOL 148 (10-*) in the bath fluid, and furthermore re- 
covery of the response followed removal of the anti-5-HT compound from the 
bath fluid. Thus the oedema fluid contained a 5-HT-like substance. On the 
other hand, a similar strip of filter paper containing the oedema fluid failed to 
produce a contraction of the isolated atropinized guinea-pig ileum which was 
sensitive to 10-* histamine. 


Local injections of oedema product uy substances 


In a series of preliminary experiments, concentrations of each agent were 


found which produced nearly maximal oedema of approximately equal 
severity. The doses used for this response in each hind paw were: dextran 6g, 
native egg white 50g, compound 48/80 lug, histamine 100ug, 5-HT 0-5yg, 
polymyxin B lyg, hyaluronidase 50ug, and formaldehyde 4 mg. Oedema of 
the feet was more diffuse with the latter two substances. Saline injected into 


the foot of the opposite side always served as a control. Two methods were used 


to study the mechanism of this local response: (a) depletion of tissue amine, 
and (b) the use of specific antagonists. 

Depletion of tissue amines. Groups of rats were injected intraperitoneally 
with repeated doses of polymyxin B to deplete the foot skin of its histamine 
(but not of its 5-HT) before being challenged 24 hr later by local injections of 
the oedema-producing agents. Despite the low histamine level in the skin 
(Fig. 2), the oedema was almost maximal in nearly every case (Fig. 3 and 
Table 5). As was expected, the response to the local injection of polymyxin B 
itself was reduced by this treatment, indicating that the oedema production by 
polymyxin requires histamine release. Thus a lowered tissue histamine does 
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not in any way affect the mechanism of oedema production by the agents 
other than polymyxin. 

A different result, however, was obtained when rats were injected with 
repeated doses of compound 48/80 before being challenged. Again, as was 
expected, the response to local injections of compound 48/80 itself was greatly 
reduced by this treatment, but dextran, egg white, polymyxin B and hyaluron- 
idase all failed to produce a response, although exogenous histamine and 5-HT, 
as well as formaldehyde, exerted their full effect (Table 5). Repeated doses of 
compound 48/80 not only deplete the tissue of histamine but also markedly 
lower the 5-HT levels (Fig. 2). Thus it appears that the lowered level of re- 
leasable 5-HT is responsible in part for this inhibition of the oedema reaction. 


Tasie 5. The effects of prolonged treatment with polymyxin B or compound 48/80 on the local 
oedema reaction produced in rats by eight different agents. Responses measured in terms of 
the maximal (100%) found in saline-treated rats. Action tested 1 day after polymyxin 
treatment, and 1, 14 and 27 days after 48/80 treatment 


Days after 48 

Polymyxin 

Agent B l 14 27 
Dextran 75 4 0 100 
Egg white 87 0 0 70 
48/80 90 12 12 50 
Histamine 100 85 85 80 
5-HT 100 83 100 100 
Polymyxin B 33 0 18 100 
Hyaluronidase 87 4° 4 80 
Formaldehyde 100 85 85 95 


Other groups of rats were left to recover from the prolonged treatment with 
compound 48/80 before being challenged locally with the agents. Fourteen 
days after the cessation of treatment, inhibition of the oedema reaction was 
still present, although both the histamine and 5-HT levels by this time had 
recovered to well over 50°% of the control values. It is of particular interest 
that the hyaluronidase response was still prevented at this stage of amine 
recovery. If hyaluronidase acts specifically on hyaluronic acid, then the 
tissue must be deficient in hyaluronic acid, and in fact hyaluronic acid may 
have a role to play in the oedema response. Twenty-seven days after treat- 
ment with compound 48/80 had ceased, the responses of all agents, except that 
of compound 48/80 itself, had recovered. Tissue amine levels by this time also 
had returned to the control values. 

One of the final steps in showing that 5-HT is the more important mediator 
in the anaphylactoid reaction has been achieved by depleting the 5-HT stores 
in the tissues of the rat whilst leaving those of histamine almost unchanged. 
This was accomplished by prolonged treatment with reserpine. Such a treat- 
ment regularly inhibited the actions of dextran, egg white, compound 48/80 
and polymyxin B, whilst that of hyaluronidase was only reduced (Table 6). 


The oedema produced by 5-HT, histamine or formaldehyde was unaffected. 
3-2 
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When the 5-HT stores in the tissues were partly replenished 8 days later (e.g. 


5-HT content of foot skin 72% of control value), the reactions of all the agents - 


were present but not severe. After a further 11 days of recovery from the 
reserpine treatment, the responses to all the agents, except hyaluronidase, 
were nearly maximal. Thus the recovery of the 5-HT levels in the tissues is 
necessary before the anaphylactoid reaction is regained. 


Fig. 3. The effects of subcutaneous injections of dextran, DX., into the hind paws of rats pre- 
viously injected with either saline (foot 2), reserpine (3), polymyxin B (4), BOL 148 (5), or 
promethazine (6). Foot 1 serves as a control, having received saline subcutaneously after 
previous injections of saline intravenously. Note that previous treatment with reserpine or 
BOL 148 prevents the oedema reaction of dextran. 


TaBez 6. The effect of prolonged treatment with reserpine on the local oedema reaction produced 
in rate by eight different agents. Action tested 1, 8 and 19 days after reserpine treatment. 
Responses measured in terms of the maximal (100%) found in saline-treated rats 


Days after reserpine 

Agent 1 8 19 
Dextran 7 34 85 
Egg white 12 42 85 
48/80 12 78 100 
i 85 96 100 
5-HT 85 100 100 
Polymyxin B 18 40 75 
Hyaluronidase 31 50 50 
Formaldehyde 80 100 100 


The use of specific antagonists. Having established that the chief mediator 
of the anaphylactoid reaction was most likely to be 5-HT, it seemed highly 
desirable to determine if one of the most specific antagonists of 5-HT modified 
the response. The most active substance in this series is lysergic acid diethy]- 
amide (L.8.D.) but this is too toxic to administer intravenously into rats. The 
brominated derivative (BOL 148), however, lacks the toxic side effects of L.S.D. 
whilst retaining the specific antagonistic action on 5-HT. Doses of BOL 148 
(4 mg/kg) were therefore injected intravenously 30 min before the injections 
of the oedema-producing agents. The effects of 5-HT, egg white and dextran 
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(Fig. 3) were completely prevented, those of compound 48/80 and polymyxin B 
greatly reduced, whilst those of histamine, hyaluronidase and formaldehyde 
remained unchanged (Table 7). Thus the specific anti-5-HT compound pre- 
vents the anaphylactoid reaction to dextran and egg white. 

In the experiments of Rowley & Benditt (1956), the oedema produced by 
‘mast cell-damaging agents’ (ovomucoid, dextran, compound 48/80, and testis 
extract) was partially inhibited by dibenamine (a less specific 5-HT antagonist 
than BOL 148) but not diminished by mepyramine (a specific histamine 
antagonist). Treatment with both antagonists, however, resulted in complete 
inhibition of the responses. We have now examined the effects of several 
TaBLe 7, The effects of antagonists (4 mg/kg) on the local oedema reaction produced in rats by 


eight different agents. Responses measured in terms of the maximal (100) found in saline- 
treated rate. 


Agent BOL Promethazine Mepyramine 

Dextran 13 29 85 
Egg white 12 75 85 
48/80 20 75 100 
Histamine 98 39 76 
5-HT 7 93 100 
Polymyxin B 20 48 62 

83 60 60 
Formaldehyde 90 85 80 


antihistamine substances on the oedema reaction. In our hands, mepyramine 
(4 mg/kg intravenously) did not greatly modify the responses to most agents; 
a slight reduction of the oedema was noted only in the cases of polymyxin B 
and hyaluronidase. Promethazine, on the other hand, reduced the histamine. 
response as well as those to dextran and polymyxin B; the 5-HT response was 
unaffected. With thephorin, the oedema reaction to egg white and hyaluroni- 


dase was markedly reduced, though again that to 5-HT was unaffected. Thus 


it appears that antihistamine substances sometimes modify the oedema 
reaction; those like promethazine and thephorin possessing marked anti-5-HT, 
as well as antihistamine, properties (when tested on the guinea-pig ileum) are 
superior in this respect to the more specific antihistamine substance, mepyra- 
mine, which has weak anti-5-HT properties. It is not yet clear why prome- 
thazine and thephorin are more effective against released 5-HT than against 
locally injected 5-HT. 

The effects of other antagonists of 5-HT and of histamine upon the oedema 
reaction produced by egg white and dextran will be reported separately. 


DISCUSSION 
The results of the present experiments show clearly that the anaphylactoid 
reaction produced in rats by injections of egg white and dextran is mediated 
chiefly through the release of 5-HT. The following facts summarize the 
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findings: (1) 5-HT is present in rat skin; (2) oedema-producing substances 
release 5-HT as well as histamine from rat skin; (3) oedema fluid contains 
detectable amounts of 5-HT but not of histamine; (4) no oedema is produced 
if the skin is first depleted of its 5-HT content by reserpine treatment or by 
prolonged treatment with compound 48/80; (5) oedema is produced in rats 
whose skin has been depleted of its histamine content by polymyxin B treat- 
ment; (6) minute amounts of 5-HT produce the phenomenon both in the 
normal rat and in the animal whose skin histamine or 5-HT has been depleted ; 
(7) whereas a specific antagonist of 5-HT (BOL 148) prevents the anaphy- 
lactoid reaction, antihistamine substances are » only weakly antagonistic in this 
respect. 

The anaphylactoid reaction has been noted chiefly in rats. In a study of the 
occurrence and distribution of 5-HT in the skin of mammals, we were able to 
detect important stores of this amine only in the rat, and to a very minor 
degree in the mouse. This observation alone adds weight to the conclusion 
stated above. Further, it is unlikely that the release of histamine in the rat 
is dependent upon an initial release of 5-HT, since rats treated with reserpine 
to deplete 5-HT stores in the body still release histamine when injected with 
the histamine-releasing substances. 

When dextran or egg white are added to the perfusion fluid, both 5-HT and 
histamine are released from the rat’s hind quarters in relative amounts which 
correspond well with those found after intraperitoneal injections into the 
whole animal. Thus there can be no doubt that both amines are released from 
rat tissues. When, however, repeated doses of dextran are administered to rats, 
a refractory state is reached when further doses of dextran fail to elicit the 
anaphylactoid response. Egg white also fails to elicit this reaction at this 
time, so animals refractory to one oedema-producing substance (dextran) 
appear to be refractory to another (egg white). This result obviously suggests 
@ similar mode of action of these two substances. Yet estimations of tissue 
amine levels at the refractory stage show that there is still much 5-HT as well 
as histamine left in the tissues. In fact, other oedema-producing agents such 
as compound 48/80, polymyxin B, hyaluronidase and formaldehyde react 
maximally at this time. It is interesting to note that 5-HT is usually 200 times 
as active as histamine in producing the oedema response, so that 36 minute 
quantities of 5-HT need to be released by these agents. 

Rowley & Benditt (1956) reported that agents which damage tissue mast 
cells release both amines, which then produce the local vascular injury re- 
sulting inoedema. But, in our experiments, the damage to mast cells following 
injections of dextran and egg white (intraperitoneally or locally) has been very 
slight and then only patchy in distribution. Thus we feel that mast cell 
damage need not occur before the oedema reaction can proceed. When rats 
are made refractory to dextran, there is only slight mast cell damage, and, if 
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the animals are left for a few days without injection, recovery of the anaphy- 
lactoid reaction follows closely the recovery of the tissue amines. Further- 
more, when the majority of mast cells are disrupted, say by polymyxin B 
treatment, the local oedema reaction is still maximal when other agents are 
used (Table 5). 

Besides dextran and egg white, a study has been made of the oedema reaction 
produced by the local injections of well-known potent histamine releasers 
such as compound 48/80 and polymyxin B. There is a similarity in the mode 
of action of all four substances. For example, the oedema produced by all 
four substances is prevented by pre-treatment with repeated doses of com- 
pound 48/80 or reserpine; it is prevented by pre-treatment with single doses 
of BOL 148, but almost unaffected by single doses of antihistamine substances. 
It is only when we compare the relative amine release and mast cell damage 
that the major differences are found. Both compound 48/80 and polymyxin B 
disrupt mast cells, thereby releasing most of the tissue histamine, whereas 
dextran and egg white only degranulate these cells and release a small part of 
the tissue histamine. Yet an interesting situation arises following repeated 
doses of polymyxin B. In this refractory state, when tissue histamine levels 
are only about 10% of the control values, polymyxin B fails to elicit the 
oedema reaction, whereas compound 48/80, dextran and egg white are fully 
effective. These latter substances at this stage can be releasing only 5-HT. Thus 
there may be three inhibitory conditions resulting from prolonged treatment 
with these agents: (1) repeated doses of compound 48/80 preventing the 
responses to all four agents; (2) repeated doses of dextran preventing the 
responses to dextran and egg white; (3) repeated doses of polymyxin B pre- 
venting the response only to polymyxin B itself. 

The results of local injections of hyaluronidase are interesting. This oedema 
reaction is unaffected by repeated doses of polymyxin B but is prevented by 
prolonged treatment with compound 48/80. Whereas reserpine treatment 
considerably reduces the response, pre-treatment with BOL 148 is without 
effect. Therefore, as might be expected, the hyaluronidase response is inde- 
pendent of histamine release and probably also of 5-HT release. It may be 
that compound 48/80 and reserpine reduce the hyaluronic acid levels in the 
tissues as well as those of the amines concerned. Hyaluronidase itself is 
known to disrupt mast cells but this may be a secondary action. 

The formaldehyde reaction appears to be quite different from those of the 
other oedema-producing agents studied. It is unaffected by repeated doses of 
polymyxin B, compound 48/80 or reserpine, or by pre-treatment with BOL 148. 
Antihistamine substances modify the reaction slightly. The response also looks 
quite different, since the swelling and blueing are usually diffuse and spread 
well above the knee. 
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SUMMARY 

1. Evidence is presented that substances which produce the anaphylactoid 
reaction in rats (dextran and egg white) release 5-HT as well as histamine from 
skin tissues. 

2. The reaction is prevented by depletion of the skin 5-HT using reserpine 
or prolonged treatment with compound 48/80, but it is not prevented by 
depletion of skin histamine alone. 

3. The reaction is prevented by previous administration of the specific 
anti-5-HT compound BOL 148, but it is only slightly modified by anti- 
histamine substances. 

4. It is concluded that the anaphylactoid reaction in rats is mediated 
chiefly through the release of 5-HT. 

5. Single subcutaneous injections of hyaluronidase or formaldehyde produce 
local oedema which is unaffected by depletion of tissue histamine. 

6. The local oedema produced by formaldehyde is also unaffected by 
depletion of tissue 5-HT ; on the other hand, the oedema produced by hyaluroni- 
dase is reduced by this depletion. 


We wish to thank Upjohn Laboratories, Kalamazoo, for the gifts of 5-HT creatinine sulphate; 
Ciba Ltd., Horsham, for the reserpine; Burroughs Welloome Ltd., London, for compound 48/80; 
and Sandoz Ltd., London, for the supply of L.S.D. and BOL 148. We also thank Mr D. King for 
valuable technical assistance. 
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THE EFFECT OF A HIGH WATER INTAKE ON THE KIDNEY’S 
ABILITY TO CONCENTRATE THE URINE IN MAN 


By H. E. DE WARDENER anv A. HERXHEIMER 


From the Departments of Medicine and Therapeutics, 
St Thomas's Hospital Medical School, London, 


(Received 7 May 1957) 


In compulsive polydipsia the kidney’s ability to concentrate the urine, in 
response to parenteral pitressin or to fluid deprivation, may be decreased 
(de Wardener, 1956). This paper shows that a similar decrease occurred in two 
normal subjects after drinking about 101. of water a day for eleven days. 


\ METHODS 
Experimental procedure 

The experiments were made on two men, subject 1, aged forty, weighing 82-5 kg, and subject 2, 
aged thirty, weighing 65-8 kg. The observations covered an uninterrupted period of 22 days 
(28 May-18 June 1956), which was divided into three parts. The first (the control period), during 
which the water intake was normal, lasted 5 days in subject 1 and 6 days in subject 2; the second 
(the experimental period), in which the intake of water (in addition to tea and coffee) was 
10-12 1./24 hr in subject 1 and 7-5-9 1,/24 hr in subject 2, continued for 12 days; the third (the 
post-experimental period) began with an initial period of 26 hr fluid deprivation, and ended with 
a period of normal water intake lasting 4 days in subject 1, and 3 days in subject 2. As far as was 
possible both subjects carried on with their normal activities throughout the 22 days. 

During the control period and the latter part of the post-experimental period, the intake of 
fluids (including tea and coffee) was only governed by the subjects’ inclinations, and was not 
measured. During the experimental period the average intake of water was approximately the 
same for both subjects (122 and 124 ml./kg/24 hr); the consumption of tea and coffee was about 
the same as in the control period. The intake of water was spread fairly evenly throughout the 
24 hr; 250-500 ml. was taken every 30-60 min, except for two interruptions, one of 2} hr from 
5 to 7.30 p.m., and the other, during the night, lasting 4 hr in subject 1, and up to 5 hr in subject 2. 
Alcohol was not taken during the experiment. 

Lunch, tea and dinner were prepared without added salt by the hospital diet kitchen. These 
meals were the same for both subjects, and, apart from minor variations in the type of vegetable 
and fruit, were the same every day. Breakfasts (toast, butter and tea) were eaten at home but were 
slightly different for the two subjects. All food was weighed and its composition calculated from 
the tables of McCance & Widdowson (1946). The average dietary intake of calories per day was 
1720 in subject 1 and 2070 in subject 2; of protein 56 g in subject 1, and 62 g in subject 2; and of 
sodium 59 m-equiv in subject 1 and 72 m-equiv in subject 2. In addition, the subjects were 
allowed to add as much salt as they wished, the salt-cellars being weighed and refilled each day 
by a third person. 
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Urine was collected in 24 hr periods from 8 a.m. The volume, osmolarity, and the sodium and 
creatinine content were measured daily. The daily sodium balance was calculated by adding the 
dietary sodium intake to the sodium taken from the salt-cellar, and subtracting the sodium 
excreted in the urine; sodium losses in the faeces and sweat were not included. In the experi- 
mental period, when the urine output was about 10 1./day, the bladder was emptied at intervals 
of 30-45 min during the waking hours; freedom of movement was only obtained by carrying 
about suitable containers. Each subject was weighed between 7 and 7.30 p.m., no fluid having 
been taken for 2 hr. The bladder was emptied immediately before weighing. 


Renal function tests 

The ability of the kidneys to concentrate the urine was measured (a) during an infusion of 
pitressin, (6) during a mannitol osmotic diuresis, induced while pitressin was being infused, and 
(c) following deprivation of fluids. These tests were performed before, and at the end of the period 
of high water intake. 

On the fourth day of the control period each subject was given 50 m-u. of pitressin 1.v. in 30 seo, 
followed by an intravenous infusion (antecubital vein) of 3 m-u./min for 1 hr. At the end of the 
hour the infusion was continued at the same rate, and in addition 600 ml. (subject 1) and 450 ml. 
(subject 2) of 25% mannitol was given intravenously at the rate of 10 ml./min into the other arm. 
The bladder was emptied naturally 10 min after the beginning of the pitressin infusion, and at 
15-20 min intervals thereafter. Blood was collected immediately before and at the end of the 
mannitol infusion. 

This procedure was repeated on the twelfth day of the experimental period (i.e. after 11 days 
of high water intake), but with greater amounts of pitressin and mannitol. Subject 1 received 
200 m-u. pitressin followed by 4 m-u./min and 675 ml. of 25% mannitol; subject 2 was given 
100 m-u. pitressin followed by 4 m-u./min and 575 ml. of the mannitol solution. The high water 
intake continued until the beginning of the pitressin infusion. Urine was collected at 10 min 
intervals through an indwelling catheter in the bladder. 

The fluid deprivation test was first performed four weeks before the experiment was begun, and 
repeated on the twelfth day of the experimental period, immediately after the second pitressin 
mannitol test. Fluids were withheld for 26 hr ending at 7.30 p.m. The urines that have been 
compared were collected during the last 2-3 hr of each period of fluid deprivation. 

The daily creatinine clearance was measured throughout the experiment. 

Other observations. Plasma osmolarity and plasma sodium and potassium concentrations were 
measured on 2 days during the control period, on 4 days in the experimental period, and on 2 days 
in the post-experimental period. The bromide space, haematocrit value, plasma proteins, chloride 
and bicarbonate, and the blood urea were estimated on the third day of the control period and 
the eleventh day of the experimental period. 

Analytical methods. Sodium and potassium were measured with a flame photometer; osmolarity 
was calculated from measurement of the freezing-point depression (de Wardener & del Greco, 
1955); plasma and urine creatinine were determined by the method of Bonsnes & Taussky (1945); 
plasma proteins by that of Harrison (1947); and plasma chloride, plasma bicarbonate and blood 
urea by those of Peters & Van Slyke (1932). The bromide space was calculated from the plasma 
®°Br concentration 24 hr after an oral dose (Gamble, Robertson, Hannigan, Foster & Farr, 1953). 


RESULTS 


At the end of the experimental period the ability to concentrate the urine 
was grossly impaired in both subjects. The results are shown in Table 1 and 
Figs. 1-3. 
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Taste 1. Urine and plasma osmolarity, urine flow and solute output following the intravenous 
administration of pitressin, and after a 26 hr period of fluid deprivation; each test was 
performed before, and at the end of, drinking about 10 |. of water a day for 11 days 

Subject 1 Subject 2 


Osmolarity Solute § Osmolarity Solute 
Urine output Urine output 


Plasma flow p-os- Urine Plasma flow ( 
(m-osmole/l.) (ml./min) (m-osmole/l.) (mil./min) mote/min) 


Pitressin 1.v. 


Before drinking $65 287 0-42 364 885 280 0-35 310 
After drinking 512 261 0-95 487 407 


Fluid deprivation 
Before drinking 1042 291 0-39 407 = :1185 
After drinking 468 292 0-58 272 453 


Fluid 
depriv: Pitressin 
Subject ia 4 
11 Subject 2® © 
a 
700}- Pitressin 
: 
Minutes Before drinking After drinking 
Fig. 1 Fig. 2 
Fig. 1. Subject 1. Changes in urine osmolarity following the administration of pitressin after 
drinking large amounts of water for varying periods, (i) for 1 hr (——), and (ii) for 11 days 
(---). The first observation was made 3 months before the second. On the first occasion 
pitressin was given | hr after drinking 1 |. water; thereafter amounts were drunk equal to 
the volumes of urine passed. 


Fig. 2. Urine concentrations following the intravenous administration of pitressin, and after 
a 26 hr period of fluid deprivation, before, and at the end of, drinking about 101. of water 


a day for 11 days. The plasma osmolarity varied between the limite indicated by the two 
lines. 
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Pitressin test. During the control period the urine concentrations following 
the intravenous administration of pitressin were 865 m-osmole/l. in subject 1, 
and 885 m-osmole/l. in subject 2; at the end of the experimental period they 
were 512 and 407 m-osmole/l. respectively, despite the use of larger quantities 
of pitressin. The U/P osmolar ratios during the control, and at the end of the 
experimental periods, were 3-02 and 1-96 in subject 1; and 3-16 and 1-51 in 
subject 2. Such a change in the ability to concentrate the urine does not occur 
after a short period of excessive water intake (Fig. 1). 


Subject 2 
(269) 
£ 
L L 


2 4 6 2 4. 
Solute excretion rate (m-osmole/min) 


Fig. 3. Diuresis induced by a mannitol infusion during the intravenous administration of pitressin 
before, and at the end of drinking about 101. of water a day for 11 days. The individual 
results have been adjusted to a common plasma osmolarity of 300 m-osmole/l. by multiplying 
the observed urine osmolarity by 300/p, where p is the plasma osmolarity. ©, before, and 
@, after 11 days of high water intake. The plasma osmolarity at the start of each mannitol 
infusion is shown in brackets. 


Fluid deprivation. The concentrations of the urine at the end of the control 
period of fluid deprivation were 1042 m-osmole/l. in subject 1, and 1185 m- 
osmole/l. in subject 2, whereas with fluid deprivation immediately after the 
experimental period they were 468 and 453 m-osmole/l. respectively, despite 
the fact that on this occasion the rise in plasma osmolarity (see Table 1), and 
the loss of weight were greater. Subject 1 lost 2-2 kg, and subject 2 lost 3-4 kg, 
whereas each lost 0-9 kg during the control test. The U/P osmolar ratios in 
the control observations and after the experimental period were 3:59 and 
1-60 in subject 1; and 4-06 and 1-56 in subject 2. 

Pitressin mannitol test. Fig. 3 shows the changes in urine osmolarity which 
occurred in this test during the control period, and at the end of the experi- 
mental period. In both subjects the urine osmolarity, over the same wide 
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range of solute outputs, was always greater during the control period; the 
difference being particularly noticeable in subject 2 in whom the urine, during 
the experimental period, became hypotonic to plasma at the higher rates of 
solute output. 

Diluting capacity. The ability to dilute the urine remained unchanged 
throughout the experimental period; on the eleventh day of this period a 
specimen of urine obtained from subject 1 contained 44 m-osmole/l. and one 
from subject 2, 42 m-osmole/l. at urine flows of 11‘5 and 13 ml./min 


respectively. 


Creatinine clearance 


During the last 3 days of the control period, when the urine flow averaged 
0-97 ml./min in subject 1 and 1-04 ml./min in subject 2, the mean creatinine 
clearances were 83 and 87 ml./min. In the last 3 days of the experimental 
period, when the urine flow averaged 8-2 ml./min in subject 1 and 6-4 ml./min 
in subject 2, the mean creatinine clearance rose to 114 and 101 ml./min 
respectively. f 

Bromide space, plasma sodium concentration, 
sodium balance and weight 

At the end of the experimental period both subjects showed an increase in 
bromide space and plasma sodium concentration, in spite of a net loss of 
sodium in subject 1, and no significant change in the sodium balance in 
subject 2. The results are shown in Figs. 4 and 5. 

On the eleventh day of the experimental period the increase in the bromide 
space was 3-3 |. in subject 1, and 3-4 1. in subject 2. The increase in the plasma 
sodium concentration was 5 m-equiv/l. in subject 1, and. 3 m-equiv/l. in 
subject 2. The net loss of sodium was 250 m-equiv in subject 1, and 8 m-equiv 
in subject 2. Each subject’s weight fell sharply after the experimental period 
and thereafter remained substantially below the weight at the end of the 
experimental period; four days after the experimental period the change in 
weight was 2-0 kg in subject 1 and 1-5 kg in subject 2. 


Plasma osmolarity ; plasma chloride, bicarbonate, potassium and protein 
concentrations ; blood urea concentration; packed cell volume 
_ Excluding the days on which pitressin was administered, and the day of 
fluid deprivation, the plasma osmolarity during the experimental period fell 
from 287 to 278 m-osmole/l. in subject 1, but showed no consistent trend in 
subject 2. 

During the experimental period the plasma chloride and blood urea con- 
centrations were decreased in both subjects. The chloride fell from 109 to 
103 m-equiv/l. in subject 1, and from 111 to 105 m-equiv/l. in subject 2; the 
blood urea from 23 to 16 mg/100 ml. in subject 1 and from 35 to 19 mg/100 ml. 
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Cumulative sodium 
balance (m-equiv) 


| 


2 4 6 8 W 2 4 % 18 #20 22 
ys 
Fig. 4, Subject 1. Changes in weight, cumulative sodium balance, plasma sodium concentration 
- and urine volume throughout the experiment. The plasma sodium concentration rose, though 
there was a negative cumulative sodium balance, and no change in weight. 


24 6 8 WW 4 16 18 20 22 
Days 
Fig. 5. Subject 2. Changes in weight, cumulative sodium balance, plasma sodium concentration 
and urine volume throughout the experiment. The plasma sodium concentration rose, though 
the cumulative sodium balance was in equilibrium and there was a slight gain in weight. 
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in subject 2. Changes in the concentrations of plasma bicarbonate and 
potassium were variable. 

There was also a slight decrease in the plasma protein concentration and in 
the packed cell volume during the experimental period. The plasma proteins 
fell from 7-9 to 7-6 mg/100 ml. in subject 1, and from 7-5 to 7-1 mg/100 ml. in 
subject 2; the packed cell volume from 47 to 45% in subject 1, and from 47 
to 44%, in subject 2. 


Subjective sensations during and after the experimental period 

The most striking feature was a feeling of coldness associated with pallor. 
This varied in intensity and lasted throughout the experimental period; it 
continued to a less extent for 2-3 weeks thereafter. The skin was cold to touch, 
and during the experimental period the face was puffy. 

Throughout the experimental period both subjects showed pronounced 
emotional lability, with alternating bouts of hilarity and moroseness; vene- 
punctures at this time gave rise to exaggerated apprehension. During the 
last 6-7 days of the experimental period, simple intellectual activity became 
an effort. 

Appetite was excellent during the experimental period, though from the 
second to the fourth day the food was tasteless unless large amounts of salt 
were added ; on these days the thought of adding salt caused profuse salivation. 
At the beginning of the experimental period the drinking water was flavoured 
with fruit squashes in an attempt to make its ingestion more palatable. It was 
soon found, however, that plain water was just as easy to drink. The drinking 
of large volumes of water was found to be tedious rather than unpleasant, and 
the lips often felt dry without any accompanying feeling of thirst. 

The beginning of the 26 hr period of fluid deprivation, which followed the 
experimental period, was experienced with a sense of relief and mild exhilara- 
tion, and though it followed immediately after an infusion of over 500 ml. of 
25% mannitol, there was a singular lack of thirst. Later, however, there was 
increasing tiredness, depression, headache and thirst. Two hours after re- 
hydration all these symptoms, except tiredness, had disappeared. During the 


post-experimental period there was a mild revulsion to water — continued 
for some days. 


DISCUSSION 
The results show that a period of high water intake reduced the kidney’s 
ability to concentrate the urine over a wide range of solute excretion rates. 
The change in the ability to concentrate following the administration of 
pitressin, therefore, was due to a change in the renal tubules; that this was 
also the reason for the reduced concentration found after fluid deprivation is 
suggested by the fact that the rise in urine concentration, and the fall in urine 
flow which followed fluid deprivation, were almost the same as those obtained 
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on the preceding day with large doses of pitressin. This suggests that the 
limited concentrating capacity of the tubules was being used to a maximum 
extent on both occasions, and that with fluid deprivation therefore the release 
of anti-diuretic hormone was not less than normal. By contrast, in diabetes 
_ insipidus, in which the tubules respond normally to pitressin, the urine os- 
molarity after fluid deprivation does not approach that obtained with pitressin 
(Leaf, Mamby, Rasmussen & Marasco, 1952). 

It is unlikely that the small increase in glomerular filtration rate that 
occurred during the period of high water intake was in any way responsible 
for the kidney’s reduced ability to concentrate the urine. When the period 
of excess drinking ended, the filtration rate during the subsequent period of 
fluid deprivation was considerably lower than during the administration of 
pitressin, yet the urine concentrations were almost the same. 

It has been previously shown that when the fluid intake is normal the 
concentration of the urine following the administration of pitressin is lower 
than after a period of fluid deprivation, and that this discrepancy is not due to 
any difference that may exist between pitressin and anti-diuretic hormone 
(Jones & de Wardener, 1956). It seems, therefore, that compared with a state 
of normal hydration, a high fluid intake decreases, and fluid deprivation 
increases, the tubule’s ability to concentrate the urine in response to pitressin. 
It is suggested that these variations represent different aspects of the same 
mechanism. 

The low urine concentration obtained with fluid deprivation, 24 hr after 
excessive drinking had ceased, demonstrates that the effects produced by this 
mechanism are slow to change. Similarly, following fluid deprivation, the 
increased ability to concentrate persists for some hours after a large drink of 
water is taken (Jones & de Wardener, 1956). These observations are in keeping 
with the fact that when the water intake is normal the kidney’s ability to 
respond to pitressin is not influenced by an increased intake of only a few 
hours duration. 

The cause of the diminished tubular response to pitressin following a high 
water intake is obscure. It does not appear to be due to sodium deficiency, 
changes in plasma osmolarity or plasma electrolyte concentrations, but changes 
in the extracellular fluid volume may be responsible. 

In both subjects the increase in bromide space, the slight fall in plasma pro- 
tein concentration and packed cell volume, and the sudden and maintained 
loss of weight after the period of high water intake, indicate that drinking large 
amounts of water caused an increase in the total body water and expansion of 
the extracellular fluid volume. As this change occurred together with an un- 
expected rise in plasma sodium concentration and without a positive balance 
of sodium, it is concluded that there was a transfer of sodium into the extra- 
cellular fluid. 
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There are several reports that in animals acute expansion of the extra- 
cellular fluid space by intravenous saline infusions may cause a substantial 
decrease in the renal response to pitressin (Mudge, Foulks & Gilman, 1949, 
Wesson, Anslow, Raisz, Bolomey & Ladd, 1950; del Greco & de Wardener, 
1956). It is suggested that the kidney’s decreased ability to concentrate after 
drinking large amounts of water may have been related to the expansion of 
the extracellular fluid space. The mechanism responsible for this change is 
not known, but in view of the transfer of sodium into the extracellular fluid 
which occurred, it is possible that changes in the electrolyte composition of 
the tubule cells were finally responsible. 

Gamble et al. (1953) have reported that the ratio of the radioactive bromide 
space to the radioactive chloride space is 1-02, and to the sucrose space is 1-33; 
the greatest difference between the bromide and the chloride space in any one 
of their subjects was 7%. In the experiments reported here the bromide 
space after drinking had increased by 19% in subject 1, and 18% in subject 2. 
Some of the increase may have been due to a greater amount of bromide 
entering the cells when the second determination was made. If, however, the 
ratios found by Gamble et al. (1953) are applicable, the transfer of sodium into 
the extracellular fluid was 720 m-equiv in subject 1 and 410 m-equiv in 
subject 2. It is possible that some of this sodium came from bone. Teleo- 
logically the transfer of sodium into the extracellular fluid can be interpreted 
as an attempt to prevent cellular overhydration. A similar rise in plasma 
sodium concentration and extracellular fluid volume, without a rise in cumu- 
lative sodium balance, has been observed by Luft, Sjogren, Ikkos, Ljunggren & 
Tarukoski (1954), and by F. T. G. Prunty (personal communication), following 
the prolonged administration of deoxycorticosterone and corticotrophin. 

A rise in plasma sodium concentration when drinking large quantities of 
water has previously been described by Kunstmann (1933), who drank similar 
amounts to those described here and, like subject 1, also developed a negative 
sodium balance. Other reports (Regnier, 1916; Strauss, 1922) in which less 
water was drunk, describe no change in plasma sodium concentration though 
on most occasions a negative sodium balance developed. The increased 
excretion of sodium, which produced these negative sodium balances, may be 
related to a decreased secretion of aldosterone, in response to the expansion of 
the extracellular fluid space (Bartter, Liddle, Duncan, Barber & Delea, 1956). 

The subjective sensation of coldness associated with a cold, pale skin is 
sometimes seen in patients suffering from compulsive polydipsia soon after a 
sudden increase in water ingestion. It appears to be due to skin vasoconstric- 
tion, the mechanism of which is unexplained. In the experiments described 
here the blood pressure, electrocardiogram and electroencephalogram were 
unaffected by the high water intake. 

Previous investigators who have studied the effect of a long period of high 
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water intake were investigating the stimulus for polydipsia in compulsive 
cases, Their main purpose was to find out whether a period of voluntary 
excessive drinking was followed by an addiction to water, and in some instances 
they reported that there was indeed some difficulty in reducing the intake of 
water at the end of the experiment. It is emphasized that in the present 
experiments the sudden cessation of water drinking was greeted with relief 
and that subsequently there was a mild distaste for plain water. 

In conclusion, if the cause of the decreased ability to concentrate the urine 
in voluntary excessive drinking is the same as in compulsive polydipsia, it 
follows that the change in tubular function in the latter is directly related to 
the high water intake and not to the psychological disturbance which induces 
the polydipsia. 

SUMMARY 

1. The effect of drinking about 101. of water a day for 11 days has been 
studied in two normal subjects. 

2. At the end of this period there was a considerable decrease in the kidney’s 
ability to concentrate the urine, following either the administration of pitressin 
intravenously, or a period of fluid deprivation. It is concluded that the kidney’s 
ability to concentrate the urine is related to the individual’s average intake of 
water. 

3. There was also an increase in the plasma sodium concentration and an 
expansion of the extracellular fluid space, without retention of sodium. It is 
concluded that there was a substantial transfer of sodium into the extracellular 
fluid. 

4. Itis suggested that the decrease in the kidney’s ability to concentrate was 
related to the expansion of the extracellular fluid space. 


We are very grateful to Mr M. Ventom for technical assistance, Miss J. Vasey, Miss E. P. 
Skinner and Mrs N. Ramsey for arranging the diet, Dr J. 8, Staffurth for estimating the bromide 
space, and Drs M. R. 8. Hutt, R. R. McSwiney and J. D. Pollitt for various pathological investi- 
gations. 
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THE EFFECT OF A HIGH WATER INTAKE ON SALT 
CONSUMPTION, TASTE THRESHOLDS AND 
SALIVARY SECRETION IN MAN 


By H. E. pp WARDENER anv ANDREW HERXHEIMER 
From the Departments of Medicine and Therapeutics, St Thomas’ s 
Hospital Medical School, London, S.E. 1 


(Received 7 May 1957) 


This paper describes the changes in salt consumption, taste thresholds and 
salivary secretion, which took place in two normal subjects during an 11-day 
period of drinking about 8-10 1. of water a day. 

It has been noted in normal man that the ingestion of large amounts of 
water results in an increased loss of sodium in the urine which may lead to 
a negative sodium balance (Regnier, 1916; Strauss, 1922; Kunstmann, 1933).. 
In such circumstances an increase in the demand for salt, and a change in the 
salt taste threshold might therefore be expected. The salivary secretion was 
investigated in order to study the accompanying changes in the sodium: 
potassium (Na: K) ratio in the saliva, and because patients with compulsive 
polydipsia often complain of a dry mouth. | 


METHODS 
Experimental procedure 

The experiments were made on two men, subject 1, aged forty, weighing 82-5 kg, and subject 2, 
aged thirty, weighing 65-8 kg. The observations covered an uninterrupted period of 22 days 
(28 May-18 June 1956), which was divided into three parts. The first (the control period), during 
which the water intake was normal, lasted 5 days in subject 1, and 6 days in subject 2; the second 
(the experimental period), in which the intake of water (in addition to tea and coffee) was 10-12 L/ 
24 hr in subject 1, and 7-5-9 1./24 hr in subject 2, continued for 12 days; the third (the post- 
experimental period), began with an initial period of 26 hr fluid deprivation, and ended with a 
period of normal water intake, lasting 4 days in subject 1, and 3 days in subject 2. As far as was 
possible both subjects carried on with their normal activities throughout the 22 days. 

Fluid intake | 

During the control period and the latter part of the post-experimental period, the intake of 

fluids (including tea and coffee) was only governed by the subjects’ inclinations and was not 
measured. During the experimental period the average intake of water was approximately the 
same for both subjects (122 and 124 ml./kg/24 hr); the consumption of tea and coffee was about 
the same as in the control period. The intake of water was spread fairly evenly throughout the 
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24 hr; 250-500 ml. was taken every 30-60 min, except for two interruptions, one of 24 hr from 
5 to 7.30 p.m. and the other, during the night, lasting 4 hr in subject 1, and up to 5 hr in subject 2. 
Alcohol was not taken during the experiment. 

Fluid deprivation. This test was performed 4 weeks before the experiment was begun, and 
again at 5.30 p.m. on the last day of the experimental period. Fluids were withheld for 26 hr 
ending at 7.30 p.m. 

Diet. Lunch, tea and dinner were prepared without added salt by the hospital diet kitchen. 
These meals were the same for both subjects, and apart from minor variations in the type of 
vegetable and fruit, were the same every day. Breakfasts (toast, butter and tea) were eaten at 
home and were of known composition ; they were slightly different for the two subjects. All food 
was weighed and the sodium content calculated from the tables of McCance & Widdowson (1946) 
(see Tables 1 and 2). 

Added salt intake. The subjects were allowed to add as much salt as they wished to their food, 
but the amount they added (see Tables 1 and 2) was concealed from them. Heavy metal salt- 
cellars were used; they contained varying amounts of salt, and were weighed and refilled each 
day by a third person. The salt from the salt-cellars is referred to as the ‘added salt intake’. 

Sodium balance. The excretion of sodium in the urine was measured each day. The daily sodium 
balance was calculated by adding the dietary sodium intake to the sodium taken from the salt- 
cellar and subtracting the sodium excreted in the urine; losses in the faeces and sweat were 
not included. 

Salivary secretion and taste thresholds 

Saliva was collected in response first to chewing 8 g paraffin wax (m.p. 44° C) for 3 min and 
then to sucking an acid-drop for 1 min (A. C. Kerr, personal communication). Each subject had 
his own piece of wax which he used throughout the experiment. All resting saliva was swallowed 
before each stimulus was applied. During the collection period the saliva was allowed to run into 
a measuring cylinder; any saliva remaining in the mouth at the end of the collection period was 
added. The volume of saliva secreted was measured, and its sodium and potassium content 
determined with a flame photometer. The volume of saliva obtained in response to the acid-drop 
includes the volume of that fraction of the acid-drop which dissolved in the saliva, and is therefore 
slightly greater than the volume actually secreted. This error has been disregarded; it is of the 
order of 1 ml. 

Taste thresholds were measured by a method based on the ‘choice method no, 2’ of Richter & 
MacLean (1939). The subject, who is blindfolded, is presented with two beakers, one containing 
about 25 ml. distilled water, the other a similar amount of the test solution. The beakers are placed 
in the two hands, and are interchanged at irregular intervals between trials. The subject takes 
sips from each beaker until he recognizes the presence of a salt or sweet taste, or decides that 
neither can be identified with certainty. After each trial the fluid is discarded, none being 
swallowed. The whole procedure occupies 20-25 min for each subject. 

The following solutions were used in random order: sodium chloride (%): 0-10, 0-08, 0-06, 0-04, 
0-03, 0-02, 0-015, 0-01, 0-0075, 0-005, 0-003; sucrose (%): 1-0, 0-8, 0-6, 0-5, 0-4, 0-3, 0-2, 0-14, 0-09, 
0-06, 0-04. The solutions were used at room temperature. They were freshly prepared every 4 days 
with the same distilled water as that used in the control beaker. The taste thresholds were always 
measured before saliva was collected; both tests were performed before dinner, between 6 and 


7.30 p.m. 
Statistical 
For any two variates, correlation coefficients r, for subject 1 and r, for subject 2 have been 


transformed to z, and z,. The ratio of the weighted mean Z to its standard deviation has been used 
to calculate the probability P of the correlation being due to chance (Fisher, 1936). 
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RESULTS 
The results are given in Tables 1 and 2, and illustrated in Figs. 2 and 3. 


Sodium balance 

The changes in sodium balance were quite different in the two subjects, and 
are described first because of their potential relevance to the changes which 
occurred in the salivary sodium: potassium ratio, the added salt intake, and 
the salt taste threshold, Subject 1 was in sodium equilibrium during the 
control period, but during the experimental period he developed a substantial 
negative cumulative sodium balance which persisted to the end of the post- 
experimental period. Subject 2 was in mild negative sodium balance during 
the control period, and during the experimental period the cumulative sodium 
balance gradually reached equilibrium. In the post-experimental period this 
balance was slightly negative. 


Salivary flow, and sodium and potassium concentrations 

The volume of saliva secreted in. response to the stimuli used was not 
affected by the high water intake. In subject 1 the salivary flow in response to 
wax chewing ranged from 4-7 to 6-3 ml./min, and with the acid-drop from 
‘9-5 to 11-7 ml./min. In subject 2 the corresponding figures were 3-0-4-6, and 
7-1-9-2 ml./min respectively, excluding the diminished flows obtained at the 
end of both periods of fluid deprivation. 

The sodium concentration in subject 1 ranged from 30 to 50 m-equiv/l. and 
in subject 2 from 11 to 29 m-equiv/l. In the two specimens obtained daily from 
each subject this concentration nearly always varied in the same direction as 
the salivary flow. The potassium concentration in subject 1 ranged from 15-9 
to 19-2, and in subject 2 from 19-8 to 28-4 m-equiv/l. In subject 1 the potassium 
concentration was not related to the salivary flow; in subject 2 it was slightly 
lower at the higher rates of flow. 


Salivary sodium : potassium ratio 

Since sodium: potassium ratios tend to increase with the rate of salivary 
flow (Prader, Gautier, Gautier & Naef, 1955), it is necessary to allow for this 
variable when they are compared. In each subject, therefore, the two daily 
Na:K ratios have been plotted against their corresponding salivary flows 
(Fig. 1). The line through these two points gives an estimate of the Na: K 
ratio for any other rate of dow on that day, and enables all Na:K ratios 
obtained throughout the experiment in one subject to be compared at a 
standard rate of flow. The rate chosen was the mean flow rate of all observa- 
tions in each subject (subject 1, 7-92 ml./min; subject 2, 5-72 ml./min). The 
Na:K ratios at these mean rates of flow are those compared below. 


i 
r 
d 
Al 
it 
a 
~ > 
< 
J 
J 
4 ‘ 
“ ~ 


56 H. E. DE WARDENER AND A. HERXHEIMER 


The Na: K ratio in subject 1 was always above 1-95; during water drinking, 
before he developed a negative sodium balance, the Na: K ratio rose and reached 
a peak of 2-65 on the day that the rate of sodium loss was greatest. The Na: K 
ratio in subject 2 was always below 1-05; during the control period when he 
developed a slight negative sodium balance, the Na: K ratio fell from 1-04 to 
0-66 ; during water drinking, when sodium equilibrium was restored, the Na: K 
ratio gradually rose to 0-81—0-85. 


2-9 | 
2:5 Subject 1 
2-3 
21 
Fr 19 
13- 
0-7} 
05+ 
2-0 4-0 6-0 8-0 10-0 12-0 
Salivary flow (ml./min) 


Fig. 1. The relation of the salivary Na:K ratio to the rate of salivary flow. Each line joins the 
two observations obtained from one subject on one day; the lower rate of flow on each day 
was obtained in response to chewing wax, and the higher in response to sucking an acid-drop. 
The dotted lines represent the standard rate of flow at which all the Na:K ratios in one 
subject have been compared (see text). 


Intake of added salt 


In both subjects the added salt intake rose soon after the start of the 
experimental period, and then returned toward the control values, though the 
high intake of water continued (Figs. 2, 3). From the second to the fourth day 
of the experimental period the food was tasteless unless large amounts of salt 
were added ; on these days the thought of adding salt caused profuse salivation. 
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Days 


Fig. 2. Subject 1. The changes in the salt taste threshold and in the amount of 
salt taken from the salt-cellar throughout the experiment. 
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Fig. 3. Subject 2. The changes in the salt taste threshold and in the amount of 
salt taken from the salt-cellar throughout the experiment. 
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During the control period the added salt intake in subject 1 varied between 
26 and 47 m-equiv/day and rose to a peak of 85 m-equiv/day in the experi- 
mental period; in subject 2 the control values were 24-36 m-equiv/day, and 
the peak intake during the experimental period was 64 m-equiv/day. It 
should be noted that the dietary salt intake (excluding the added salt) was 
always less in subject 1 than in subject 2, and that this difference was most 
pronounced during the experimental period; in both subjects the dietary salt 
intake rose during the experimental period. 


Taste thresholds 


Salt. In both subjects the salt taste threshold fell soon after the start of the 
experimental period and then returned to the control values, though the high 
intake of water continued. In subject 1 the salt taste threshold varied between 
0-01 and 0-08°% when the water intake was normal (Fig. 2). From the begin- 
ning of the experimental period the threshold gradually fell to 0-005-0-003 %, 
on the fourth, sixth and seventh day. It was 0-02% on the fifth day, when 
this subject had a severe headache. After the seventh day the threshold rose 
again towards its previous value, while water drinking continued. 

In subject 2 the salt taste threshold varied between 0-0075% (on one day 
only) and 0-03°% when the fluid intake was normal. From the second day of 
the experimental period to the seventh day it was always 0-0075 or 0-005%,. 
During the latter part of the experimental period the threshold returned 
toward its previous level. : 

Sucrose. The changes in the sucrose taste threshold were similar to, but less 
pronounced than, those that occurred in the salt taste threshold. 


Correlations between added salt intake, taste thresholds 
and sodium: potassium ratio 


The added salt intake was negatively correlated with the salt taste threshold 
(r, = —0-26, r, = —0-40; P< 0-05); the correlation with the sucrose taste thres- 
hold was of doubtful significance (r, = — 0-36, r, = — 0-23; 0-07 > P< 0-08). The 
salt and sucrose taste thresholds were significantly correlated (r,=0-20, 
r,=0-55; P<0-04). There was no correlation between the salivary sodium: 
potassium ratio and the added salt intake (r, =0-19, r,=0-13; P=0-3). 


DISCUSSION 
The results show that the secretion of saliva in response to wax chewing and 
to an acid-drop is not increased by drinking large amounts of water. In both 
subjects the rates of flow were always higher than those reported by most 
previous workers (Schneyer & Levin, 1954; Prader et al. 1955; White, 
Entmacher, Rubin & Leiter, 1955), presumably because more potent 
stimuli were used (Kerr, 1956). 
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The concentration of sodium in the saliva was very different in the two 
subjects, but both were within the normal range. The potassium concentra- 
tions differed less and were also normal. The Na: K ratio was much higher in 
subject 1 than in subject 2, even when allowance is made for the different 
rates of flow. It has been established that for flows up to 3 ml./min (Prader 
et al. 1955) the Na:K ratio increases with the rate of flow. The results pre- 
sented in this paper provide evidence that the Na:K ratio continues to 
increase at higher rates of flow. 

The Na:K ratio has been found to be relatively constant in any one 
individual (Prader e¢ al. 1955; A. C. Kerr, personal communication). This is 
confirmed by the observations reported here, which show that, four weeks before 
the experiment, the ratio fell within the same range as during the experi- 
ment. This was still true seven months later, when the Na:K ratios were 
determined in the same way on two successive days (subject 1, 2-40, 2-45; 
subject 2, 1-00, 1-07). 

The difference in the Na: K ratios of the two subjects may have been due to 
differences in aldosterone secretion (Simpson & Tait, 1955). This explanation 
is reasonable if aldosterone secretion is related to the sodium balance, for this 
was quite different in the two subjects. On the other hand, both subjects 
showed evidence of an increase in extracellular fluid volume (de Wardener and 
Herxheimer, 1957), and it has been suggested that it is changes in this volume 
which control aldosterone secretion (Bartter, Liddle, Duncan, Barber & Delea, 
1956). 

In each subject both the salt content of the diet and the added salt intake 
increased during the experimental period. The rise in added salt intake from 
the salt-cellar therefore cannot be attributed to a diminished dietary intake; 
neither does it seem to be related to the sodium balance. The simultaneous fall 
in the salt taste threshold also fails to explain the increased demand for added 
salt, for one would expect that with an increased sensitivity to salt, a smaller 
addition would suffice to make food palatable. It is suggested, therefore, that 
the increased intake of added salt was caused by an increased desire, which 
was of central origin. 

In both subjects the taste thresholds obtained during the control period 
were at the lower end of the normal ranges reported by Richter & MacLean 
(1939), and Richter & Campbell (1939). After two or three days of water 
drinking there was a striking fall in the salt taste threshold associated with an 
intense desire for salt. Several days before water drinking ceased the taste 
threshold returned to its control values, and the craving for salt disappeared. 
There was a similar, but smaller, change in the sucrose taste threshold, but 
this was not accompanied by a craving for sugar. 

These changes are difficult to explain. The lowering of the salt taste threshold 
was not related to the concentration of sodium in the saliva, nor to any of 
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the changes in the blood which are reported elsewhere (de Wardener and 
Herxheimer, 1957). The plasma osmolarity did not change significantly, 
and the plasma sodium concentration rose. There was, however, evidence 
suggesting that sodium was transferred from the cells to the extracellular 
fluid. This change may possibly have affected the salt taste threshold either 
at receptor level or centrally. 


SUMMARY 


1. The effect of an 11-day period of drinking about 10 1. of water a day has 
been studied in two normal subjects. 


2. The flow of saliva, when chewing wax or sucking an acid-drop, was 
unaffected by the high water intake. 

3. Subject 1 lost a considerable amount of sodium and developed a negative 
sodium balance during the period of water drinking. His salivary Na: K ratio 
was always above 1-9, and reached its peak when the loss of sodium was 
greatest. Subject 2 showed a slight negative sodium balance during the control 
period, but during the period of water drinking sodium equilibrium was 
restored and maintained. The Na:K ratio in this subject was always below 
1-1, and fell to its lowest level when sodium equilibrium was being restored. 


4. Soon after water drinking began both subjects felt an intense desire for 
salt, and added much more salt to their food. 


5. In both subjects the salt taste threshold fell sharply 2 or 3 days after the 
start of water drinking, and rose again to its initial level before the end of the 


period of high water intake. The sucrose taste threshold showed similar, but 
less marked changes. 


We are very grateful to Miss J. Bethell and Mr M. Ventom for technical assistance, Miss J. 
Vaisey, Miss E. P. Skinner and Mrs N. Ramsay for arranging the diet, and Mr A. C. Kerr and 
Dr W. R. 8. Doll for valuable advice. 
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STUDIES OF PLASMA VOLUME, RED CELL VOLUME AND 
TOTAL BLOOD VOLUME IN YOUNG GROWING RATS 


By E. H. BELCHER ann EILEEN B. HARRISS 
From the Physics Department, Institute of Cancer Research, London 


(Received 7 May 1957) 


Previous determinations of blood volume in the rat, with the exception of a 
few early studies in which attempts were made to estimate red cell volume by 
complete exsanguination, have been based on dilution analysis following the 
injection of substances labelling either the plasma or the red cells. However, 
the estimation of total blood volume from measurements either of plasma 
volume or red cell volume together with haematocrit determinations on 
samples of peripheral blood takes no account of inequalities in the distribution 
of cells and plasma in different parts of the circulation, and may be grossly 
misleading. The discrepancies in early determinations may be judged from 
Table 1 which surveys values reported up to the present time. Total blood 
volume can be accurately found only by the summation of cell volume and 
plasma volume individually determined (Reeve, 1948). 

Simultaneous measurements of red cell volume and plasma volume in large 
rats have recently been reported by Huang & Bondurant (1956). However, 
this investigation, like most studies of blood volume in the rat, has been 
aimed at the establishment of a value for blood volume per unit body weight 
without regard to the dependence of this value on the weight or age of the 
animal. Since the relationship between blood volume and body weight may 
not be linear, it is inadmissible to use a value for blood volume per unit body 
weight obtained experimentally in animals of one weight range in order to 
calculate blood volumes of animals in a different weight range. A number of 
investigators (Chisholm, 1911; Metcoff & Favour, 1944; Lippman, 1947; Wang 
& Hegsted, 1949a) have studied the relationship between blood volume and 
body weight in the rat, but their studies are based either on cell volume 


_ measurements alone or plasma volume measurements alone; their conclusions 


must therefore be accepted with reserve. The possibility of variations due to 
strain, sex and diet must also be admitted. 

The study here described has been carried out in order to obtain reliable 
data on the dependence of plasma volume and red cell volume on body weight 
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in a pure-line strain of rat—the August hooded strain—originally obtained 
from Dr Anna Goldfeder of New York City Cancer Research Laboratory, and 
now used in many investigations at the Institute of Cancer Research. Plasma 
volume has been measured by dilution studies with Evans blue dye and also 
with ™"]-labelled human serum albumin, red cell volume by dilution studies 
with *Fe-labelled red cells obtained from donor animals. 


METHODS 


Normal male brown-hooded rats of the August strain were used throughout. They were main. 
tained on Medical Research Council diet No. 41 and water ad libitum. 

Preparation of donor animals for red cell volume measurements. Rats of weight approximately 
150 g were injected intravenously with 10 uc *Fe as ferric chloride in 1 % sodium citrate solution, 
After an interval of 14 days to allow maximum uptake of radioactive iron by the circulating red 
cells, by which time plasma “Fe content was negligible, blood was withdrawn by cardiac puncture 
into a heparinized syringe and injected without delay into recipient animals. 

Preliminary studies of mixing conditions. Rats of different weights were anaesthetized with 
0-12 ml./100 g of a 60 mg/ml. solution of sodium pentobarbitone (Nembutal, Abbott Laboratories 
Ltd.) injected intraperitoneally. The right carotid artery was cannulated with a fine polyethylene 
cannula attached to a 1 ml. syringe by a No. 20 needle. A small quantity of heparin solution was 
injected intravenously into a lateral tail vein and the needle used for this injection was left in 
position in the vein. Through this needle was then injected either: 

(a) 0-2 ml. of a solution of 0-5% Evans blue (Imperial Chemical (Pharmaceuticals) Ltd.) in 
isotonic saline, or 

(6) 0-2 ml. of a solution of ™*I-labelled human serum albumin (Abbott Laboratories Ltd.) in 
isotonic saline containing about 1 yc/ml. “I, or 

(c) 0-2 ml. heparinized blood from a donor animal containing about 1 yc/ml. Fe as labelled red 
cells, 


At 1, 2, 5, 10, 15, 20, 30, 45, 60 min after injection blood samples of volume approximately 
0-25 ml. were withdrawn via the carotid cannula and transferred to weighed sample tubes ¢ in. 
in diameter. The tuves were reweighed to give the weight of each sample by difference. The 
radioactive samples were assayed directly for ™I or Fe in a well-type scintillation counter 
(Anger, 1951) after which the blood was transferred to Wintrobe tubes for haematocrit deter- 
mination. The Evans blue samples were transferred directly to Wintrobe tubes for haematocrit 
determination; after reading the haematocrits the supernatant plasma was pipetted off and dye 
concentration estimated by diluting a portion of plasma to 3 ml. and measuring optical density 
at 605 my against a diluted plasma blank in a Unicam SP 600 spectrophotometer. Haematocrit 
determinations were performed by centrifugation at 3000 rev/min for 30 min at a radius of 15 cm. 

Measurement of plasma volume. Rats were lightly anaesthetized with ether. Either 0-2 ml. of 
a solution of 0-5% Evans blue in isotonic saline or 0-2 ml. of a solution of **I-labelled human serum 
albumin, in isotonic saline containing 1 y»c/ml. ™I, was injected intravenously into each animal 
by the lateral tail vein. Using the same syringe, further 0-2 ml. portions of the injected solution 
were measured into 10 ml. volumetric flasks and diluted to 10 ml. for use as standards. Exactly 
5 min after injection, a single 0-5 ml. sample of blood was withdrawn from each animal by cardiac 
puncture with a syringe moistened with heparin solution and transferred to a sample tube } in. 
in diameter. 0-5 ml. portions of the standard dilution were similarly measured into other sample 
tubes. Samples and standards were assayed as already described. 

Measurement of red cell volume. Rats were lightly anaesthetized with ether. 0-2 ml. of heparin- 
ized blood containing 3 ue/ml. Fe as labelled red cells was injected intravenously into each 
animal by the lateral tail vein. Using the same syringe, further 0-2 ml. portions of the injected 
blood were measured into 10 ml. volumetric flasks and diluted to 10 ml. with water for use as 
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Fig. 1. Mixing curves for *Fe-labelled red cells injected intravenously into August rats. 


@, Observed Fe concentration in circulating blood; ©, “Fe concentration corrected for 
activity removed in previous samples. 


RESULTS 
Preliminary studies of mixing conditions 
In order to study the mixing of the injected materials in the circulating blood 
and to establish a valid sampling technique for routine blood volume determi- 
nations, preliminary studies were made using animals with one carotid artery 
cannulated for serial blood sampling. Injection was performed by tail vein 
and 0-2 ml. blood samples withdrawn for analysis at intervals during the first 
hour after injection. Fig. 1 shows typical results for two animals of different 
weights injected with *Fe-labelled red cells. Figs. 2 and 3 show similar results 
for animals injected with Evans blue and ™"J-labelled human serum albumin 
respectively. The experimental values for concentration of the injected 
material in the circulating blood are shown both uncorrected and corrected 
for material removed from the circulation in previous samples. This correction 
has been performed using the relationship 


Corrected concn. = Observed concn. x 
T, 


where 7',=total amount injected, 7,=total amount removed in previous 


samples. 
5-2 


ed standards. Exactly 10 min after injection a single 0-5 ml. sample of blood was withdrawn from 
nd each animal by cardiac puncture with a syringe moistened with heparin solution and transferred : 
7 to a sample tube ¢ in. in diameter. 0-5 ml. portions of the standard dilution were similarly : 
measured into other sample tubes. Samples and standards were then assayed as already described. ; 

1e8 Weight 165g 
q 

Weight 75g 

in 


68 E. H. BELCHER AND EILEEN B. HARRISS 


Weight 148g 


Weight 89g 
——o 
100 
0 10 20 30 40 50 60 


Time after injection (min) 


Fig. 2. Mixing curves for Evans blue injected intravenously into August rats. @, Observed 
concentration of dye in plasma; ©, dye concentration corrected for amount removed in 


previous samples. 


Weight 154 


Time after injection (min) 


60 


Fig. 3. Mixing curves for “I-labelled human serum albumin injected intravenously into August 
rats. @, Observed I concentration in circulating blood; O, ™I concentration corrected 


for activity removed in previous samples.. 
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The uncorrected mixing curves following the injection of labelled red cells 
and labelled plasma are similar in form. The low concentration of injected 
material in the first sample withdrawn in each experiment is due to dead 
space blood in the cannula. After the second sample, the blood concen- 
tration falls. This fall is at first mainly attributable to the mixing of the 
injected material in the circulation, but may later be due in part to the effects 
of repeated sampling and in part to the loss of injected material to extra- 
vascular compartments. 

The results for *Fe-labelled cells are of especial interest since no significant 
loss of labelled cells from the circulation is to be expected in the duration of 
the experiment. Inspection of Fig. 1 shows that the initial mixing phase is 
complete after 10 min. Thereafter the uncorrected curves of blood Fe con- 
centration fall only slightly despite repeated sampling, showing that the 
homoeostatic mechanisms maintaining the constancy of blood volume are not 
able to compensate for the loss of successive samples. The corrected curves 
therefore show an apparent rise in concentration, reflecting a reduced blood 
volume. These effects are particularly clear in the smaller animal studied, in 
which the blood volume has fallen significantly after 15 min. In the larger 
animal blood volume is approximately constant up to 20 min after 
injection. 

Consideration of Fig. 1 suggests that a sampling technique in which a single 
sample is taken at the end of the initial mixing period 10 min after injection 
is satisfactory for the estimation of blood volume with *Fe-labelled red cells 
in the rat. 

The results for Evans blue and for J-labelled albumin are similar save that 
the uncorrected mixing curves show a steady fall after the initial mixing phase 
due to the removal of injected material from the circulation. If the blood 
volume is assumed constant in the larger animals up to 20 min after injection, 
the rate of loss of Evans blue and ™I-labelled albumin may be estimated from 
Figs. 2 and 3 to be 22% /hr and 25 %/hr respectively. To correct for loss during 
mixing, the mixing curve should properly be extrapolated back to zero time. 
From Figs. 2 and 3 it is however considered that a single sample withdrawn 
5 min after injection gives a sufficiently accurate estimate of the extrapolated 
blood concentration of Evans blue or #*"I-labelled albumin at zero time in the 
rat, loss of injected material during the first 5 min being approximately 
compensated by the slightly incomplete mixing after this time. 


Measurements of plasma volume and red cell volume 
Following these initial studies, plasma volume and red cell volume measure- 
ments were performed on a large number of rats. Animals were injected with 
Evans blue, ™1J-labelled human serum albumin or *Fe-labelled red cells by 
tail vein. Single blood samples were taken by cardiac puncture 5 min after 


r 


| 
i 
+ 
4 
a 


70 E. H. BELCHER AND EILEEN B. HARRISS 


injection with Evans blue and ™I-labelled albumin or 10 min after injection 
with *Fe-labelled red cells, and analysed as described. 

Plasma and red cell volumes were calculated using the following relation- 
ships: 

10 x EBs x 100 
BBpxWw 
where PV =plasma vol. (ml./100 g), 

EB, = Evans blue concn. in standard, 


EB, = Evans blue concn. in plasma, 
W  =body wt. (g); 


PV 


_ 10xIgx Pt x 100 

IpxW 

where J, =] counting rate from 0-5 ml. standard, 
I, =I counting rate from 0-5 ml. blood sample, 
Pt =corrected % plasma in blood sample; 


RCV = 


where RCV =red cell vol. (ml./100 g), 
Fe, =¥Fe counting rate from 0-5 ml. standard, 
Fe, =*¥Fe counting rate from 0-5 ml. blood sample, 
Ht =corrected % red cells in blood sample, 
RC, =volume of red cells injected (ml.). 


Haematocrit readings were corrected for trapped plasma assuming a value of 
4°%, of plasma in the total packed cell column (Huang & Bondurant, 1956). 
Red cell volumes were corrected for the total volume of labelled red cells 
injected; this was usually 0-1 ml. No such correction was thought necessary 
in plasma volume measurements where homoeostasis may be expected to 
maintain constancy of blood volume after injection. Results are shown in 
Fig. 4. 

Measurements of plasma volume with ™I-labelled human serum albumin 
usually showed good agreement with those made by the Evans blue method. 
However, two batches of ™!I-labelled albumin gave anomalous results; simul- 
taneous determinations of plasma volume by the 4I-labelled albumin and dye 
methods in which samples from these batches were injected mixed with Evans 
blue showed over-estimation of plasma volume by the ™#J-labelled albumin, 
whilst studies of the mixing curves showed a rapid initial loss of “I from the 
circulation amounting to some 20%, of the injected material. For this reason 
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less confidence is placed in the results obtained with ™"J-labelled human serum 
albumin than those with Evans blue, and the former have not been included 


in the detailed analysis of data. 
6 e Evans blue 
X ™-+labelled albumin 
5 fer 
=4 ° é 
3 
400 *. ee swt 
250 
i Body weight (g) 
2 4 6 8 10 12, 14 6 18 
Age (weeks) 


Fig. 4. Plasma volume, red cell volume and haematocrit values in August rats. 


Table 2 and Fig. 5 show the results grouped according to body weight. Total 
blood volume was calculated as the sum of plasma volume and red cell volume, 
the small contribution (1-2%) of the white cells being neglected. The final 
column of Table 2 gives the ratio of mean body haematocrit, calculated from 
the experimentally derived values for red cell volume and total blood volume 
to the haematocrit. measured on a sample of cardiac blood; both haematocrits 
are expressed as the percentage of red cells in total blood excluding white cells. 


DISCUSSION 


A fundamental difficulty in the measurement of blood volume in small animals 
by dilution methods arises from the time required for uniform mixing of the 
injected material and the loss of injected material to extra-vascular compart- 
ments during the mixing phase. In large species this difficulty may be over- 
come by serial blood sampling and extrapolation of the blood concentration 
curve back to the time of injection. This method has been applied to the 
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determination of plasma volume and red cell volume in large rats by Huang & 
Bondurant (1956) using a double sampling technique. It is questionable, 
however, whether such a procedure is valid in small animals where the volume 
of each sample withdrawn is a significant fraction of the total blood volume, 
since the concentration of injected material in later samples may be decreased 
by virtue of the amount removed in earlier samples. If it be assumed that the 
total blood volume and haematocrit remain constant, then it is possible to 


TaBiLe 2. Plasma volumes, red cell volumes and total blood volumes in male August rats 


Cardiac Mean body 

Weight Plasma Red cell Total blood haematocrit haematocrit 
range volume volume volume (%redcells) (% red cells) B 

(g) (ml./100g) (ml./100g)  (ml./100 g) A B A 

5384026 2214014 7-59+0-27 36-5 29-1 0-80 
51-75 4-76+40-31 2:3440-10 7-1040-30 39-1 33-0 0-84 
76-100 4664022 2384013 7-0440-24 41-8 33-8 0-81 
101-125 4554025 2-474+0-14 7-02 + 0-25 42-6 35-2 0-83 
126-150 4134030 25441010 6-6740-28 45-5 38-1 0-85 
151-175 3-8640-'20 2454007 40-19 45-8 38-8 0-84 
176-200 3294019 239+0-18  568+0-24 46-7 42-7 0-90 
201-225 3-02+40-31 22541022 5-2740-34 48-5 42-7 0-88 
226-250 3-0340-24 2074022. 5-10+40-26 48-5 40-7 0-84 


The errors quoted are fiducial limits for P =0-05. 


er Total blood volume 
7 
be 
5 Plasma volume 
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Or 
7 Cardiac haematocrit 
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Body weight (g) 


Fig. 5. Mean values of total blood volume, plasma volume, red cell volume and haematocrit in 
August rats. The errors shown are fiducial limits for P =0-05. 
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correct the measured concentration of later samples for the amount of injected 
material previously removed. If, on the other hand, the blood volume is not 
maintained but decreases in proportion to the amount of blood removed, then 
no correction is necessary. In practice, as is shown by Figs. 1-3, homoeostatic 
mechanisms operate, but the blood volume may still fall during repeated 
sampling, particularly in small animals. As a result, a systematic under- 
estimation of the blood volume may result if the uncorrected data are extra- 
polated, while correction of the data based on the assumption that the blood 
volume remains constant may lead to an overestimation. It is therefore 
considered that a single sampling technique is to be preferred; the errors that 
result from such a technique are in any case small compared with the variation 
arising from biological and other causes. The interval between injection and 
sampling must depend on the nature of the injected material; intervals have 
been quoted ranging from 2 min for injections of haemoglobin solution 
(Lippman, 1947) to 2 hr for *Fe-labelled red cells. The studies reported here 
indicate that a mixing time of 5 min is satisfactory for Evans blue or ™I- 
labelled albumin, but that 10 min should be allowed for ®Fe-labelled red cells. 
The measurements of plasma volume with ™I-labelled albumin reported 
here are not sufficient in number for a detailed comparison of this with the 
Evans blue technique to be made, though no serious discrepancy between the 
two sets of results can be observed. Huang & Bondurant (1956) found good 
agreement between simultaneous measurements of plasma volume with Evans 
blue and J-labelled albumin mixed before injection. By contrast, Wish, 
Furth & Storey (1950), in simultaneous measurements in mice, found that the 
plasma volume estimated with Evans blue was consistently higher by a factor 
1-2 than that estimated with !I-labelled protein; they attributed the dis- 
crepancy to a rapid early loss of dye from the circulation, and corrected their 
Evans blue data by this factor. A similar rapid initial loss of Evans blue was 
reported by Cruickshank & Whitfield (1945) in the cat. No such fall in the 
Evans blue concentration of the plasma can however be observed in the 
mixing curves of Fig. 3, though it may be mentioned that the concentrations 
used were considerably higher than those used by the latter workers. 
Freinkel, Schreiner, Athens, Hiatt & Breese (1954) found that the success of 
simultaneous determinations in man depended on the ratio of the amounts of 
Evans blue and labelled albumin injected; they postulated a reaction between 
the two substances leading to a rapid clearance of the latter under certain 
conditions. Similar effects have not been observed in the present studies. The 
anomalous results obtained with certain batches of labelled albumin in these 
studies may have been due to incomplete protein binding of the isotopic label, 
to partial denaturation of the protein during the labelling process or to rapid 
clearance of foreign protein from the circulation. No attempt was made to 
identify the nature of the observed effects. It is, however, recommended in 
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view of the results reported that ™I-labelled albumin and Evans blue should 
only be used for blood volume studies in rats if detailed mixing curves have 
been followed and show no rapid early loss of the labelling substance from the 
circulation. 

The results of the investigations show that it is incorrect to apply a single 
value for blood volume per unit weight to rats of different weights. The total 
blood volume falls steadily with increase in weight over the weight range 
studied, but this fall is not paralleled by a similar fall in red cell volume; on 
the contrary, the red cell volume is seen to be approximately constant over the 
weight range 40-250 g falling only slightly at the upper and lower ends of this 
range. The anaemia of the young growing rat in this weight range is thus seen 
to be mainly artifactual and to arise from the increased plasma volume per 
unit body weight in young animals. The slight fall in red cell volume 
observed in animals of body weight less than 100 g may reflect some degree 
of neo-natal anaemia. The fall observed at weights greater than 200 g may be 
related to the increased proportion of adipose tissue in adult rats; similar 
findings in man have been reported (Huff & Feller, 1956). The red cell volume 
data reported here are in reasonable agreement with those of Berlin, Huff, 
Van Dyke & Hennessy (1949), Sharpe, Culbreth & Klein (1950), Fryers (1952) 
and Contopoulos, Ellis, Simpson, Lawrence & Evans (1954) but show a some- 
what lower value in small animals than that reported by Berlin, Van Dyke, 
Siri & Williams (1950). The value of 2-87 ml./100 g in rats of weight 61-73 g 
quoted by the latter authors is however based only on six observations. 

A recent study of red cell volume and plasma volume as a function of age in 
the rat has been made by Garcia (1956) on the basis of red cell volume measure- 
ments with *Fe-labelled cells and haematocrit determinations. Since the 
latter were made not on cardiac or venous blood, but on blood obtained by 
exsanguinating the animals as completely as possible, the plasma volumes 
reported are probably not greatly in error despite the fact that they are based 
on measurements with labelled red cells. Both the red cell and plasma volumes 
reported are in reasonable agreement with those of Table 2, save for a marked 
fall in red cell volume in rats of weight less than 100 g, which was not observed 
in the present investigation. This may represent differences due to strain or 
diet; such differences are also suggested by the published growth data. 

Metcoff & Favour (1944), Lippman (1947) and Wang & Hegsted (1949) 
have made measurements of plasma volume by dye dilution methods in 
animals of different weights. These workers attempted to demonstrate a linear 
regression between the logarithms of body weight and plasma volume or total 
blood volume, representing a power law relationship between blood volume 


and body weight. Thus, Lippman (1947) found his data to fit the relation- 
ship: 


Plasma volume =0-122 (body weight)*778. 
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On the other hand, both Metcoff & Favour (1944) and Wang & Hegsted (19492) 
found that the relation between blood volume and body weight changed at 
puberty and that their data could not adequately be represented by a single 
regression line. The plasma volume data reported here are in reasonable 
agreement with the values quoted by Lippman (1947) and Wang & Hegsted 
(1949a). Since, however, there seems no adequate physiological basis for a 
simple power relationship between either plasma volume or total blood volume 
and body weight or body surface area, attempts to express experimental data 
in terms of such a relationship appear unprofitable, and indeed misleading. 
Moreover, because the workers cited have studied whole blood volume in terms 
of plasma volume measurements alone their results fail to demonstrate the 
relative constancy of red cell volume per unit body weight during growth. 

It seems probable that the increased plasma volume of young rats is related 
to differences in distribution of cells and plasma in vessels of different size, 
and in particular to the haemodynamic requirements for a marginal layer of 
plasma in small vessels (Krogh, 1929; Gibson, Seligman, Peacock, Aub, Fine & 
Evans, 1946). If this explanation is correct, then it is to be expected that the 
pattern observed in these studies will be found to be a general one, and that 
the total blood volume per unit body weight will fall and mean body haemato- 
crit will rise with increase in body weight in any chosen species, particularly 
in small animals. Confirmation of this hypothesis must await detailed investi- 
gations of plasma and red cell volume in small species, which are at present 
lacking. Ancill (1956) reports a constant value of 7-20 ml./100 g body weight 
for total blood volume in guinea-pigs in the weight range 250-750 g on the 
basis of plasma volume studies with Evans blue, but gives no data relating to 
smaller animals. Wish e¢ al. (1950) describe simultaneous measurements of red 
cell volume with *2P-labelled red cells and plasma volume with Evans blue and 
131]-labelled albumin in mice, quoting a mean red cell volume of 2-99 ml./100 g 
and a plasma volume of 5-06 ml./100 g in normal animals, but give no infor- 
mation regarding the weights of their animals. 

Unequal distribution of cells and plasma in vessels of different size is also 
indicated by the values quoted in Table 2 for the ratio of mean body haemato- 
crit to' cardiac haematocrit, which shows a mean value of 0-84 + 0-025 over the 
entire weight range. This is in general agreement with measurements of the 
ratio in other species but not with the figure of 0-987, reduced to 0-942 after 
splenectomy, reported by Huang & Bondurant (1956) in rats of 230-550 g 
weight. It may be that the high ratios reported by these workers arise, as they 
suggest, from a rapid loss of unbound **P from the circulation after injection, 
leading to an over-estimation of red cell volume. Values for the haematocrit 
ratio in other species have been deduced from simultaneous estimation of 
plasma volume and red cell volume by a number of workers; values for man 
and dog are reviewed by Reeve (1948). Wish e¢ al. (1950) found a mean value 


“ 

i 
ty 

A 

‘ 
‘ 


76 E. H. BELCHER AND EILEEN B. HARRISS 


of 0-88 in mice, whilst Armin, Grant, Pels & Reeve (1952) obtained a value of 
0-85 in albino rabbits. In dogs, Gibson, Peacock, Seligman & Sack (1946) 
found a ratio of 0-91, but Reeve, Gregersen, Allen & Sear (1953) found 0-988, 
this being reduced to 0-899 after splenectomy. In man, the ratio has been 
quoted as 0°88 by Gregersen (1951) and as 0-91 by Chaplin, Mollison & Vetter 
(1953). Earlier reported values are reviewed by Reeve (1948). 

The data of Table 2 suggest that the haematocrit ratio increases slightly 
with body weight over the range studied. Detailed analysis of the data shows 
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Fig. 6. Variation of haematocrit ratio with body weight in August rats. The regression line has 
the equation 


Haematocrit ratio =0-80 + 0-00031 body weight. 
The dotted lines show fiducial limits to the slope corresponding to P =0-05. 


that the linear regression of the value of the ratio on body weight in fact has 
a slope which is just significantly greater than zero at the 5% level of prob- 
ability (Fig. 6). The value of the ratio determined from the regression line 
ranges from 0-81 at 37-5 g body weight to 0-87 at 237-5 g body weight. This 
finding provides further evidence that the changes observed in blood volume 
per unit body weight are related to the haemodynamic requirements of small 
blood vessels. In small animals, the proportion of the total blood volume 
contained in smaller vessels is increased, and the haematocrit ratio is thereby 
reduced. 
SUMMARY 


1. Measurements were made of plasma volume, red cell volume and cardiac 
haematocrit in male rats of the ‘August’ strain of weight range 31-250 g. 
Plasma volume was measured by dilution analysis with Evans blue dye and 
also with %*J-labelled human serum albumin. Red cell volume was measured 
by dilution analysis with Fe-labelled red cells. 

2. Preliminary studies of mixing conditions indicated that satisfactory 
estimation of both plasma and red cell volume is possible by single sampling 
techniques, a sample of cardiac blood being taken 5 min after injection for 
the plasma volume measurements and 10 min after injection for the red cell 
volume measurements. 
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3. Detailed values of plasma volume, red cell volume and haematocrit: of 
animals in different weight ranges are presented. These data demonstrate that 
it is invalid to use a single value for blood volume per unit body weight to 
calculate blood volumes of animals of different weights. Red cell volume per 
unit body weight is approximately constant over the weight range studied 
but plasma volume per unit body weight falls continuously with increase in 
weight. It is suggested that the increased plasma volume observed in small 
animals is related to haemodynamic factors governing blood flow in small 
vessels. 

4. The value of the ratio of calculated mean body haematocrit to the 
observed cardiac blood haematocrit increases slightly with increase in body 
weight, rising from 0-81 at body weight 37-5 g to 0-87 at body weight 237°5 g, 
with a mean value of 0-84 + 0-025 over the entire weight range. 


This work was performed under the direction of Professor W. V. Mayneord, whose support and 
encouragement is warmly acknowledged. 
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A COMPARISON OF SOME PHYSIOLOGICAL PROPERTIES 
OF AN INHIBITORY FACTOR FROM BRAIN (FACTOR 1) 
AND OF y-AMINOBUTYRIC ACID AND 
RELATED COMPOUNDS 


By H. McLENNAN 


From the Department of Physiology, Dalhousie University, 
Halifax, Canada 


(Received 13 May 1957) 


The presence in the mammalian brain and spinal cord of a factor which 
possesses some of the expected properties of a chemical transmitter of in- 
hibitory impulses has been reported, and a description of some of its physio- 
logical properties has been the subject of published works. A quantitative 
biological assay for this factor, which has been called Factor I by Florey 
(19544), has been worked out, and preliminary attempts have been made to 
identify the active components contained in the extracts of brain (Bazemore, 
Elliott & Florey, 1956; Elliott & Florey, 1956). 

The test object used for assay of the material has been the slow-adapting 
stretch-receptor neurone of the crayfish (Florey, 19544; Elliott & Florey, 1956). 
Application of Factor I solutions to the neurone causes inhibition of its normal 
discharge, and 10% differences in concentration of the applied solutions can 
be detected. Other investigations have shown that Factor I preparations 
cause inhibition of synaptic transmission in some mammalian sympathetic 
ganglia (Florey & McLennan, 1955a), inhibition of the stretch reflex in cats 
(Florey & McLennan, 19556), inhibition of neuromuscular transmission and of 
the neurogenic heartbeat in crustacea (Florey, 1954a) and block of both 
spontaneous and acetylcholine-induced contractions of guinea-pig and rabbit 
ileum and of the intestine of the crayfish (Florey, 1953, 19546). Strychnine 
convulsions in white mice are prevented by Factor I (Florey & McLennan, 
19556). However, extracts containing Factor I also show excitatory effects 
which appear to be due to the factor itself: thus the activities of the hypoglossal 
nucleus and of flexor reflexes in cats are enhanced (Florey & McLennan, 
19556) and contraction of the squid rectum is elicited (Florey, 1956). 

Preliminary isolation procedures (Bazemore et al. 1956) led to the finding 
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that brain extracts showing Factor I activity apparently contain y-amino- 
butyric acid, and that this substance can cause inhibition of the stretch- 
receptor neurone when applied in low concentration. Amongst a wide variety 
of other compounds tested by these authors, only f-alanine showed similar 
blocking activity, but required a solution twenty times more concentrated. 
Hayashi (1956) has reported that y-amino-8-hydroxybutyric acid and its 
trimethyl ammonium analogue carnitine have certain inhibitory effects. The 
present paper deals with a comparison of some of the physiological properties 
of these compounds with those of brain extracts containing Factor I, in an 


attempt to decide whether all the effects of the latter can be duplicated by 


these chemical entities. A preliminary report of some of this work has already 
appeared (McLennan, 1957). 


METHODS 
The various biological preparations employed in this study have been described in detail in other 
publications (Florey, 1954a, 1956; Florey & McLennan, 1955a, 6). Invertebrate animals used 
were crayfish (Cambarus virilis Hagen), squid (Sepiotheutie sepioidea d. Orb.), and land crabs 
(Gecarcinus sp.). The first mentioned were obtained from a biological supply house; the others 
were freshly caught as required during a stay in Barbados, B.W.I. 

Standard preparations of Factor I were prepared from beef brain us described by Elliott & 
Florey (1956), with the additional step of precipitation of potassium iuns at 4° C by the use of 
HC10, before the alcohol extraction. This procedure reduced the K concentration in the extracts 
below that of the crayfish Ringer’s solution, as determined by analysis with a flame photometer. 
The extracts were kept frozen until required, and maintained their Factor I activity over many 
months. Elliott & Florey have proposed a unit of Factor I activity which has been adopted in the 
present work. One ‘crayfish unit’ (c.u.) is defined by them as the amount of Factor I present in 
1 ml. of a solution containing the minimum concentration necessary to block discharge of the 
stretch-receptor neurone. With a test preparation of average sensitivity the standard Factor | 
extracts contain 100-200 c.u./ml. In order that results obtained on one stretch-receptor pre- 
paration may be compared more readily with others, the standard extract is arbitrarily assigned 
an activity of 100 ‘crayfish units reference’ (c.u.r./ml.), and all activities of unknown samples 
related to this unit. 

The y-aminobutyric acid and carnitine used were obtained commercially. y-Amino-f-hydroxy- 
butyric acid was prepared by the method of Tomita (1923); a sample of this material also was 
obtained from Professor Hayashi. 

The solutions applied to the various test preparations were made up either in crayfish Ringer’s 
solution (van Harreveld, 1936); in fresh sea water; or, for mammalian experiments, in a solution 
containing (mm) Na 146, K 3-7, Ca 1-3, Mg 1-0, Cl 152-3, 8O, 1-0, glucose 12. 


RESULTS 


Crayfish stretch-receptor 
Bazemore et al. (1956) report that a solution of y-aminobutyric acid (AB) of 
concentration 2ug/ml. is able to block the discharge of the stretch-receptor 
neurone. Similar results have been obtained with this compound in the 
present study, although usually solutions of 8-l0yug/ml. have had to be 
applied to cause complete block. Following the notation of Elliott & Florey 
(1956), the activity of AB is on the average 120 c.u.r./mg (8 determinations). 
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A racemic mixture of y-amino-B-hydroxybutyric acid (AHB) is one half as 
active as AB in blocking the discharge. Carnitine chloride is also able to ; 
block the stretch-receptor neurone, but is considerably less active than AB ; 
in this respect (average 15 c.u.r./mg., 4 determinations). 4 


| Neuromuscular transmission in crustacea q 
Solutions containing the substances under test were injected in a volume of j 
0-5 ml. into the isolated perfused claws of crayfish and crabs, during stimula- § 


tion of either the ‘fast’ or ‘slow’ motor axon of the adductor muscle of the | 4 
dactylopodite (Florey, 1956), Fig. 1 shows a typical result obtained with 
stimulation of the fast closer axon in a crayfish claw. Roughly equivalent 


Fig. 1. Contractions of the pertused claw crayfish following stimulation 
of the ‘fast’ motor axon of the adductor muscle. At the first arrow, injection of 20ug AB; 
at the second arrow, injection of 0-35 c.u.r. of Factor I solution. 


inhibitions of neuromuscular transmission were observed in this case with AB 
(40u.g/ml.) and with Factor I (0-7 c.u.r./ml.). Other experiments gave equiva- 
lent inhibitions with Factor I concentrations of 1-0, 1-0, 0-8 c.u.r./ml. and AB 
concentrations of 70, 100, and 40yug/ml. respectively. 

Precisely similar results, both qualitatively and quantitatively, were 
observed in experiments on Gecarcinus claws. AHB was also tested in these 
preparations, and as with the stretch receptors was found to have one half the 


potency of AB. 
Squid rectum 
The rectum of a freshly caught squid was dissected free of its connexions 
with the ink sac, suspended in a bath of aerated sea water, and connected to 
a light heart lever. Solutions to be tested were added directly to the bath. 


ae (1956) reported that extracts of brain containing Factor I caused 
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excitation of this preparation, and this result has been confirmed in the present 
study. Fig. 2a shows a typical result. 

Acetylcholine causes a single tonic contraction of the rectum immediately 
on addition of the substance to the bath (Fig. 2). This effect is potentiated by 
eserine, which has however no influence on the excitation produced by 
Factor I. 


Fig. 2. Contractions of the isolated squid rectum. (4), addition to the bath of Factor I, fina 
concentration 3 c.u.r./ml.; (6), effect of acetylcholine, final concentration 3 x 10-*, before and 
after eserine (eserine sulphate, final concentration 1 x 10-*, was added at the downward 
arrow); (c), addition to the bath of AB, final concentration 50yug/ml. The originals of these 
figures have been slightly retouched. 


By contrast, when AB is added to the bathing fluid, there is a considerable 
time lapse before any action is noted, and the resulting contraction (Fig. 2c) 
differs from those produced both by Factor I and by acetylcholine. The AB 
contraction is unaffected by eserine. Again AHB acts in the same way as AB 
save that a higher concentration is necessary. 


Stretch reflex 
Factor I solutions topically applied to the exposed spinal cord underlying 
vertebral segments L1 to L3 of a decerebrate cat cause immediate inhibition 
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_ of the knee-jerk reflex (Florey & McLennan, 19555). One drop of a solution 
containing 100 c.u.r./ml. is effective in this respect (Fig. 3a). However, when 
AB (or AHB) solutions are applied to the cord, there is no observable effect on 
the strength of the reflex contraction, even when the concentration of the 


solution is as high as 100 mg/ml. (Fig. 35). Carnitine solutions (up to 10 mg/ 
ml.) cause only excitation. 


Fig. 3. | Knee-jerk reflex in a decerebrate cat. (a), one drop of Factor I (100 c.u.r./ml.) applied 
to the exposed spinal cord (at the second arrow the cord was washed with saline solution); 
(6) application of five drops of AB (100 mg/ml.). 
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Intracisternal injection 
Injections of Factor I solutions and of the other substances were made 
intracisternally in cats anaesthetized with pentobarbitone (Nembutal, Abbott 
Laboratories), 40 mg/kg. The motor cortex was exposed, and stimulated 
electrically at a frequency of 100/sec (square wave, duration 0-5 msec) and 
with stimulus strength sufficient to cause movement (flexion of the hip and 
knee) of the contralateral hind leg only. Administration of 0-2 ml. of Factor I 
(100 c.u.r./ml.) causes block of the motor response in 10-15 sec, followed by 
complete recovery in about 10 min. A similar block can be obtained following 
the injection of 5 mg of AB; carnitine has no effect when a similar amount is 
given. The block due either to AB or to Factor I can be prevented or overcome 
by the intravenous administration of strychnine nitrate, 0-15 mg/kg, with 
which the antagonistic action of strychnine on the block of the stretch reflex 

(Florey & McLennan, 19556) should be compared. 


Strychnine convulsions in mice 

It was reported earlier that large amounts of Factor I administered sub- 
cutaneously in mice can protect’ against the otherwise lethal effects of 
strychnine (Florey & McLennan, 19556). This observation has been confirmed 
in the present work. The intraperitoneal injection of strychnine nitrate 
1-5 mg/kg causes death after severe convulsions in 5-12 min. The admini- 
stration of 50 c.u.r. of Factor I, subcutaneously in a 25 g mouse, 3-5 min 
previously, invariably protected the animal; smaller doses of the factor were 
not always effective, although even in those cases where the animals died, 
death was delayed beyond the limits for animals given strychnine alone. 

AB and AHB were also effective in preventing fatal strychnine convulsions, 


the minimum fully effective dose being 100 mg/kg for both compounds, and 
smaller amounts delayed the symptoms, as above. — 


DISCUSSION 


This investigation was undertaken to determine, if possible, whether all the 
physiological actions of Factor I which have been reported could be duplicated 
by y-aminobutyric acid, which has been isolated as a constituent of the brain 
extracts used. The presence of this substance in the brain, where it is produced 
by the decarboxylation of glutamic acid, has been known since 1950 (Awapara, 
Landua, Fuerst & Seale, 1950; Roberts & Frankel, 1950; Udenfriend, 1950). 
The results of the present study are summarized in Table 1. 

It seems clear from these results that AB affects some preparations in the 
same way as does Factor I. As far as the assay method involving the crayfish 
stretch-receptor neurone is concerned, all the activity of the brain extracts can 
apparently be accounted for by their AB content. One gram of fresh brain 
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yields 80-100 c.u.r. (unpublished results; see also Elliott & Florey, 1956, who 
obtained somewhat higher figures). Since 1 c.u.r. is equivalent to 8-l0ug of 
AB, this would indicate a content of AB in the brain of 600-1000yg/g. 
Roberts & Frankel (1950) found a content of at least 500ug/g. 

With other preparations, however, differences appear. The rectum of the 
squid is affected quite differently by Factor I and by AB, while the mono- 
synaptic reflex arc in the cat appears not to be affected by AB at all. AHB 
behaves similarly to AB in all those preparations where its action was tested ; 
as far as I am aware, this substance has not been demonstrated to occur in 
brain. It must be concluded that when other test systems are employed, the 
AB content of the brain extracts fails to account for all the actions of Factor I. 


TaBxe 1. The Factor I activity of various substances 


Brain 

Test object extract AB AHB Carnitine 
Crayfish stretch-receptor + + + + 
Crustacean neuromuscular transmission + + + Not tested 
Squid rectum Not tested 
Cat knee-jerk reflex + 0 0 _ 
Cat cortical motor response © + + Not tested 0 
Mouse strychnine convulsions + + + Not tested 


+, inhibition; —, excitation; 0, no effect; *, different effect. 


Bazemore et al. (1956) report that of two types of crystals obtained by them 
‘one...was active (on the crayfish stretch-receptor) and may be y-amino- 
butyric acid; the other type. .. was inactive’. Future experiments will include 
testing of this other crystal type on those preparations which have proved to 
be unaffected by AB. 

It seems that the brain extracts showing Factor I activity contain at least 
one other active principle which possesses those physiological actions not 
exhibited by AB. Alternatively, it is possible that the factor present in the 
brain is a larger molecule, of which AB is a part split off in the course of 
extraction. The actions of carnitine in the present experiments do not permit 
its consideration as another constituent of the over-all Factor I activity. 

The finding that Factor I and AB can block the motor response following 
cortical stimulation is ‘noteworthy. It seems likely that the action is being 
exerted on the cortical neurones themselves, since Florey & McLennan (1955a) 
have shown that Factor I does not affect conduction processes in axons. 
Changes in the cortical potentials evoked by thalamic afferent stimulation 
are also reported to occur following local application of AB to the surface of 
the cortex (Elliott, 1957), and these changes do not take place if the substance 
is applied in the subcortical white matter. Again this points to an action on 
the neurones themselves. 
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SUMMARY 


1. Many of the previously reported effects of an inhibitory factor which is 
extractable from brain (Factor I) have been confirmed and extended. 

2. y-Aminobutyric acid, which has been isolated from the brain extracts 
used, is able to duplicate some of the actions of Factor I, but not all. y-Amino- 
B-hydroxybutyric acid is very similar to y-aminobutyric acid in its actions. 

3. It is concluded that some other active component of the brain extracts 
containing Factor I remains to be identified. 


I am indebted to Dr John Lewis, Director of the Bellairs Research Institute of McGill University, 
St James, Barbados, for his hospitality and co-operation during my stay there, to Professor 
T. Hayashi, Keio University, Tokyo, for a generous sample of y-amino-§-hydroxybutric acid and 
to Professor J. A. McCarter, Department of Biochemistry, Dalhousie University, for his great 
help during the synthesis of the same compound. 
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ELECTROLYTE CONCENTRATIONS IN THE 
ERYTHROCYTES OF THE GOAT AND OX 


By J. V. EVANS anp A. T. PHILLIPSON 
From the Rowett Research Institute, Bucksburn, Aberdeenshire 


(Received 5 June 1957) 


Previous work has demonstrated that an analysis of the concentrations of 
potassium and sodium in the whole blood of sheep allows two distinct types of 
animal to be distinguished (Evans, 1954; Evans, King, Cohen, Harris & 
Warren, 1956). The differences are due to different concentrations of these 
electrolytes in the red blood cells: the plasma concentrations do not vary 
significantly from animal to animal (Evans, 1957). The two whole blood types 
in British breeds of sheep, which have been termed HK (high potassium) and 
LK (low potassium), are simply inherited (Evans & King, 1955) and a relation- 
ship exists between them and the two sheep haemoglobins demonstrated by 
Harris & Warren (1955) which are also simply inherited (Evans e al. 1956). 
_ Two haemoglobins were also found in goat blood by Harris & Warren (1955) 
and it was of interest therefore to determine whether similar red blood cell 
electrolyte types to those found in the sheep could be demonstrated in the 
goat, as the two species are closely related phylogenetically, Four red blood 
cell types (as opposed to two whole blood types) have now been identified in 
the sheep and are named Kea, f, y and A (Evans, 1957). Kef and KeA are 
intermediary between Kea and Key. The two latter red blood cell types repre- 
sent the whole blood types described as LK and HK above. Ke, y and A 
cannot be distinguished by a whole blood analysis but red blood cell data 
show that Ke8 and KeA are very rare in British breeds of sheep and that for 
all practical purposes HK is equivalent to Key in these breeds. In African and 
Middle East breeds, in which Ke8 and KeA appear to occur more frequently, 
a red blood cell analysis is required to distinguish which of the three red blood 
cell types is represented by relatively high whole blood potassium concentra- 
tions. It has been known for a long time that the concentrations of potassium 
and sodium in red blood cells vary greatly between species (Abderhalden, 1898) 
and the dog and cat can be considered to be similar to LK sheep (Kea) and the 
horse, pig, rabbit, rat, mouse, guinea-pig and man to HK sheep (Key). 


Previous workers have shown that the concentrations of potassium and sodium | 
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in the red blood cells of the ox and goat are more or less similar to those of LK 
sheep (Kea). 

Kerr (1937) examined the red blood cells of six goats (Capra hircus syriaca) 
and six oxen (Bos taurus) and found the concentrations of potassium and 
sodium in the red blood cells to be 20 and 101 m-equiv/l. respectively in the 
goat, and 24 and 86 m-equiv/]. in the ox. Abderhalden (1898) reported con- 
centrations of 19 and 119 m-equiv/l. for potassium and sodium respectively in 
one cow, and Bernstein (1954), who estimated the potassium and sodium in the 
red blood cell water of 28 cows, showed that the concentrations of these two 
electrolytes were 35 and 104 m-equiv/l. respectively. These cell water con- 
centrations would represent red blood cell concentrations of approximately 25 
and 75 m-equiv/l. All the cows used in Groenewald’s (1935) experiment 
appear to be of the LK type and his results suggest that the concentrations of 
potassium and sodium in the whole blood are influenced by the stage of lacta- 
tion. Groenewald noted that one animal had a consistently higher concentra- 
tion of potassium in the whole blood than the remainder of his animals. This 
higher value does not, however, indicate an HK animal but rather a high LK 
animal similar to two of the cows reported in this paper. Red blood cell con- 
centrations of potassium and sodium for young calves can be calculated from 
the data of Wise, Caldwell, Parrish, Flipse & Hughes (1947) and indicate that 
adult concentrations of potassium in the erythrocytes were likely to be below 
30 m-equiv/l. In this connexion it is interesting to note that the values found 
by Groenewald for calves show large variations between different animals of 
approximately the same age. The data presented by Green & Macaskill (1928) 
also suggest that adult concentrations of potassium in the red blood cells of 
the ox are below 30 m-equiv/l. and they comment that their results ‘. . . suggest 
relative constancy in the blood of the same individual at different times but 
very great differences in different individual adult cattle’. This is of particular 
interest in view of the results presented here. 

Other ruminants were examined by Kerr (1937), and it is of note that the 
concentrations of potassium and sodium in the red blood cells of the camel 
suggest a close red blood cell electrolyte relationship with the red blood cell 
group in the sheep designated KeA by Evans (1957). 


MATERIAL AND METHODS 


Goats 


British Saanen. Samples of blood from goats of this breed were obtained from the herd main- 
tained by the National Institute for Research in Dairying, Shinfield, and the small herd maintained 
at the Rowett Institute. Blood samples from the N.I.R.D. herd took 2-3 days to reach the 
laboratory and were therefore unsuitable for accurate determinations of red blood cell concentra- 
tions of potassium and sodium, but were nevertheless quite suitable for the differentiation of cell 
types. The diet of the N.I.R.D. herd consisted of hay, concentrates and mineral licks. Male 
animals were brought from other herds. More accurate estimations of the potassium and sodium 
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concentrations in the red blood cells of this breed were made on a small number of goats maintained 
at the Rowett Institute. At the time of sampling these animals were at pasture with a supple- 
ment of concentrates and minerals. 

Anglo-Nubian. Blood samples from this breed were obtained from a commercial herd. A 
12 hr delay preceded laboratory handling. 

Middle East. Whole blood samples from the Damascus, Maltese, ‘ Negev’ and Syrian Mountain 
breeds were obtained in Israel and were received approximately 3 days after collection. 


Cattle 
Ayrshire and Ayrshire Cross milking cows from the Rowett Institute’s commercial herd were 
used, together with five pairs of identical twins. The cows werc on different dietary regimes at the 
time of sampling but as an analysis of the results of repeated sampling on the same animals when 
on different diets showed that diet did not have a significant effect on the results obtained, no 
allowance for this factor has been made. 


Potassium and sodium estimations 
The techniques previously described for the sheep were used (Evans, 1957). 


RESULTS 
Goats 


The potassium and sodium concentration in the red blood cells of the 70 
British Saanen goats from the National Institute for Research in Dairying are 
shown in Fig. 1. Two animals had significantly lower concentrations of 
potassium than the remainder of the herd and suggested that two red blood 
cell types might be present in this species. The most interesting observation 
however was that sixty-eight of the seventy animals had concentrations 
similar to those seen in the sheep of the Kef type (Evans, 1957), and not 
similar to the sheep Kea type with which all of Kerr’s Syrian goats were found 
to agree. 

All the fourteen British Saanen goats examined at the Rowett Institute 
(Fig. 2) had concentrations of potassium and sodium in the red blood cells 
similar to those found in sheep of the Kef type. 

Eleven of the twelve samples from the Anglo-Nubian goats were similar to 
those from the majority of the British Saanen goats. One animal however 
had a significantly lower red blood cell potassium concentration which sug- 
gested two types of red blood cell within this breed. The two low-potassium 
British Saanan goats and the one low-potassium Anglo-Nubian goat had 
different concentrations of sodium, however, in the red blood cells. 

The concentrations of electrolytes in the whole blood in the four Middle Kast 
breeds of goats which were examined show a distinct bimodal distribution of 
electrolyte concentrations (Fig. 3). The predominant type had a low potassium 
concentration which is in agreement with Kerr’s (1937) data, but the reverse 
of the findings reported in this paper for goats sampled in Britain. 
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Cattle 


The concentrations of potassium and sodium in the red blood cells of all the 
cattle examined are shown in Fig. 2. All animals have relatively low potassium 
concentrations and are similar to, but not identical with, sheep of the Kea 
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Fig. 1. Concentrations of potassium and sodium in the red blood cells of a herd of 
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Fig. 2. Concentrations of potassium and 


sodium in the red blood cells of 


the goat and ox. 
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Fig. 3. Concentrations of potassium and sodium in the whole blood of British and Middle East 
breeds of goats (Large symbols represent mean values). Breed or type of goat: ©, British 
Saanen (N.LR.O.); A, British Saanen (Rowett); ‘7, Anglo-Nubian; @, Damascus; 
@, Maltese; A, ‘Negev’; w, Syrian Mountain. 


type. Repeated analyses of a number of animals over a period of 15 months 
showed that the concentration of potassium varied greatly from animal to 
animal, but that it was remarkably constant over this period for any individual 
(Table 1). 

The mean values found for the whole blood, plasma and red blood cell 
potassium and sodium concentrations in the identical twins is given in Table 2, 
together with the values found for the packed cell volume. The potassium 
concentrations in the red blood cells were similar for individuals of any pair 
of twins but considerable variation existed between pairs. 


_ Tasie 2. Concentrations of potassium and sodium in the whole blood, plasma and 
red blood cells of five pairs of identical twin cattle 


Twins 
2 3 5 
(m.-equiv/l1.) A B A B A B A B A B 
Whole blood K 73 8-1 8-3 81 104 99 101 104 4115 ~=« «11-6 
K 4-2 43 4°5 43 4-6 4°5 4-6 4-6 4-6 
R.B.c. K 151 61 467 164 195 188 202 213 258 248 
Whole blood Na 121-6 121-1 1210 121-5 1153 1170 1184 1176 4118-8 117-2 
Plasma Na 138-9 139-7 13892 140-9 1423 143-7 141-4 1400 139-8 140-0 
R.B.c. Na 872 854 861 835 703 724 7569 747 


One animal developed a condition clinically indistinguishable from ‘grass 
staggers’ and the changes in blood potassium, sodium, and calcium before, 
during and after the clinical evidence of ‘staggers’ is given in Table 3. A 
marked depression of the concentration of potassium in both the plasma and 
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the red blood cells was observed along with changes in the concentration of 
calcium in the plasma. These changes were associated with haemoconcentration. 
Changes in sodium concentrations although present were not marked. 


DISCUSSION 


The data presented in this paper show that determination of the potassium 
and sodium concentrations in the red blood cells and whole blood of the goat 
allow at least two types of animal to be distinguished, and it therefore appears 
likely that sheep and goats are similar in this respect. All the cattle which 
were examined belonged to the red blood cell type with a relatively low 
potassium concentration. The similarity between the sheep and the ox with 
respect to the variability of potassium concentrations in the red blood cells 
between animals and the stability within any individual animal suggest that 
similar factors may be controlling the red blood cell electrolyte concentrations 
in the two species. It is reasonable to suggest that the factors which control 
the actual concentration of potassium in the red blood cells of any animal within 
a type are genetic in nature. The similarity between identical twins and the 
dissimilarity between twin pairs support this contention, as does the fact that 
the two whole blood electrolyte types in British breeds of sheep have been 
shown to be simply inherited (Evans & King, 1955). From the data at present 
available it is possible that two or more red blood cell types also exist in cattle 
and that an examination of one breed could be wholly misleading in this 
respect. If the English Leicester breed alone had been examined during the 
initial work on the sheep, the polymorphism with respect to the concentration 
of potassium in the red blood cells of sheep would probably have been over- 
looked (Evans & Mounib, 1957). 

Both the Middle East goats examined by Kerr (1937) and the majority of 
the Middle East goats reported here had low concentrations of potassium in 
their red blood cells, yet the Anglo-Nubian and the British Saanen goats had 
high concentrations. The Anglo-Nubian originated by crossing the common 
English goat with the Indian and Nubian breeds. This makes a study of the 
genetics of the two characters in goats, and the relation of these characters to 
those which have governed selection, one which could profitably be pursued. 

The predominance of animals in the British Saanen breed with a high con- 
centration of potassium in their red blood cells, and the marked difference 
between the frequency of the HK phenotypes-British and Middle East 
breeds of goats, when considered along with the recently demonstrated tendency 
for British breeds of sheep with a high frequency for type B haemoglobin to be 
predominantly LK (Evans, Harris & Warren, unpublished), suggest that the 
phenotype in the goat with a single slow-moving haemoglobin which Harris & 
Warren (1955) were unable to demonstrate, may be more readily found in 
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breeds from North Africa and the Middle East than in the British Saanen 
breed with which they were working. 

The stability of the concentration of potassium in the red blood cells of 
individual cattle and the variation between different animals suggest that, 
although the animals all appear to belong to one type, the factors operating to 
control the actual concentration in any animal within the type are heritable. 
In the sheep it has been shown that if large numbers of animals are examined a 
small difference between the concentration of potassium in the whole blood of 
heterozygous and homozygous LK animals can be demonstrated (Evans et al. 
1956). These workers have also shown that the type of haemoglobin present 
in the red blood cell has an influence on the concentration of potassium in the 
whole blood of both HK and LK sheep. Even so, it appears that factors other 
than the haemoglobin present influence the concentration of potassium in the 
red blood cells of both the sheep and the ox. 

It should be emphasized that although the mean concentrations of electro- 
lytes in the red blood cells of the goat and the ox are similar to those previously 
reported for the sheep they are not identical with them. The cattle group repre- 
sented in Fig. 2 is similar to the sheep type Kea but although the mean 
potassium concentration is more or less the same the mean concentration of 
sodium in the red blood cells of the ox is approximately 20 m-equiv/l. lower 
than that in the sheep. Similar groups in different ruminant species therefore 
cannot be taken as being identical as regards the physiology of the red blood cell. 

The clinical relationships between the factors studied in the cow that 
developed ‘grass staggers’ are of considerable interest. This is the only animal 
in which we have ever observed a dramatic change in the concentration of 
potassium in the red blood cells and the picture suggests that the changes 
could be the result of changes in adrenal cortical activity. 


SUMMARY 


1. Two distinct types of animal have been differentiated by an examination 
of the concentrations of potassium in the blood of British and Middle East 
breeds of goat. The type with a low concentration was not common in the two 
British breeds which were studied, but appeared to be relatively common in 
the Middle East breeds. 

2. Two types of animal were not found in the ox but it is suggested that a 
more extensive examination of other breeds may reveal a similar polymorphism. 
In the ox the variation in the concentration of potassium in the red cells 
between animals was found to be significantly greater than the variation 
between repeated measurements on the same animal. The blood picture in one 
cow which developed a condition clinically indistinguishable from ‘grass 
staggers’ is recorded. 
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THE EFFECT OF INSULIN HYPOGLYCAEMIA ON BLOOD 
FLOW IN INTACT AND SYMPATHECTOMIZED 
EXTREMITIES IN MAN 


By M. J. ALLWOOD, JEAN GINSBURG anp A. PATON 


From the Sherrington School of Physiology, St Thomas’s 
Hospital Medical School, London, S.E. 1 


(Received 6 June 1957) 


Peripheral circulatory changes during insulin hypoglycaemia were first studied 
in man by Lauter & Baumann (1929). They found that hypoglycaemia was 
associated with an increased fcrearm blood flow, as revealed by a diminished 
arteriovenous oxygen difference. Freeman, Smithwick & White (1934), using 
surface temperature measurements, showed that skin blood flow remained 
normal or raised in intact limbs, but decreased markedly during insulin hypo- 
glycaemia in recently sympathectomized extremities. They attributed the 
latter to supersensitivity of the denervated structures to circulating adrenaline. 

Volume blood flow was first measured directly in patients undergoing insulin 
shock therapy by Abramson, Schkloven, Margolis & Mirsky (1939). Using the 
venous occlusion plethysmograph they found an increased blood flow to the 
forearm and calf, and, in the majority of subjects, an increased flow to the 
hand and foot. The latter was difficult to correlate with the idea that adrenaline 
release is responsible for cardiovascular changes during insulin hypoglycaemia 
(Cannon, McIver & Bliss, 1924; Houssay, Lewis & Mollinelli, 1924), for it is 
now known experimentally that adrenaline infusion in man is associated with 
a vasoconstriction in skin vessels (Barcroft & Swan, 1953). 

In view of these conflicting observations between experimental adrenaline 
infusions and peripheral circulatory changes attributed to adrenaline release 
it was decided to investigate the role of adrenaline and of sympathetic vaso- 
motor activity in peripheral vascular responses to hypoglycaemia. A similar 
study has recently been made by French & Kilpatrick (1955). The obser- 
vations of Ginsburg & Paton (1956) on hand and forearm flow during hypo- 
glycaemia in bilaterally adrenalectomized subjects were a further stimulus to 
this study. 
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METHODS 


Two groups of subjects were studied: (1) seventeen subjects with an intact sympathetic supply to 
the extremities, and (2) fifteen patients who had recently undergone sympathetic denervation. 
The first group consisted mainly of students and colleagues, but in addition results obtained in 
patients with mild Raynaud’s phenomenon and with hyperhidrosis, in whom there was no 
evidence of organic vascular disease, have been included. The second group comprised patients 
who had undergone surgical sympathectomy of one or more extremities, usually within the 
previous 3 months. Operative indications included Raynaud’s phengmenon, hyperhidrosis, 
erythrocyanosis and moderate atherosclerosis. 

The subjects, who had not fasted but had not eaten for at least 2} hr, lay supine in a temperature- 
controlled room at 234 1° C. After control observations had been made for 15 min, 20 u. soluble 
insulin was injected intravenously: in some experiments 40 u. and in others 10 u. were used. 
Recordings continued for 1 hr after the injection. During this time the subject usually experienced 
a moderate hypoglycaemic reaction with spontaneous recovery. Glucose was given finally as 
@ precautionary measure, or earlier if the hypoglycaemic reaction appeared severe. In those 
experiments in which glucose was administered early the subsequent results have been excluded 
from analysis. 

Blood flow was measured by venous occlusion plethysmography (Barcroft & Swan, 1953) in 
two extremities simultaneously. Usually one ‘proximal’ segment, e.g. forearm, and one ‘distal’ 
segment, e.g. hand, were studied, but in patients with unilateral sympathectomies the cor- 
responding segments in both limbs were observed. Plethysmographs were filled with water at 
34+1° C. Inflows were recorded at } min intervals throughout. Mean blood flows were calculated 
by comparing the average inflow over a 15 min period at the height of hypoglycaemia (usually the 
period 20-46 min alter insulin) with the sverage inflow over the 15 min control period. 

Blood pressure, measured with a sphyg eter, and pulse rate were recorded at intervals. 
In some experiments intermittent observations were also made on oral temperature and sweat 
gland activity (by sweat prints). Blood sugar was estimated either by a modified Shaffer- 
not be discussed in detail. 

than normal 6% was infesed continuously vie an 
indwelling needle after the insulin was given, in an attempt to prevent the development of 
hypoglycaemia. | 


RESULTS 
effect Normal subjects 


The features of insulin hypoglycaemia (Fig. 1) are well known and have 
frequently been described. Briefly, no signs or symptoms develop until 
approximately 30min after the intravenous administration of insulin. 
Capillary blood samples show that the blood sugar is falling during this time. 
At 30 min there is a rather dramatic change in the appearance of the subject. 
Presenting subjective sensations differ but include palpitations, hunger, 
drowsiness and difficulty in vision. Objective signs consist of hyperpnoea, 
increased carotid pulsation, tachycardia, an increase in pulse pressure and 
finger tremors. Sweating is not always apparent at this stage, but invariably 


occurs during the course of the experiment. Pallor is commonly present and 
later gives way to flushing. 
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sweating 


Time (min) 


Fig. 1. The effect of insulin, 20 u. 1.v., on the blood sugar, blood pressure, pulse rate, hand and 
forearm blood flow in a healthy female subject aged 28 years. 


Pertpheral blood flow 

Blood flow changes in the intact extremity were measured in twenty-three 
experiments on seventeen subjects (Fig. 2); two subjects failed to develop a 
hypoglycaemic reaction and these results are excluded. 

Hand blood flow was measured in nine experiments on eight subjects. In 
three experiments the flow markedly increased during hypoglycaemia; in 
three there was a slight decrease; in three there was little or no change. In two 
experiments on the same subject, but with an interval of 3 months between, 
a vasoconstrictor response was obtained on both occasions. The net effect in © 
these nine experiments was that there was no significant change in flow 
during the period of — (P=0-8), although hand flow increased 
during the recovery period. 

Foot blood flow was recorded in six experiments, and the over-all effect was 
similar to that in the hand, there being no change in flow during hypo- 
glycaemia (P=0-2). In only one experiment, m which convulsions occurred, 
was there a marked vasoconstriction with the onset of hypoglycaemia, foot 
flow falling from 9 to 3 ml./100 ml./min. 
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Forearm blood flow was measured in eleven forearms in nine experiments. In 
each case a similar response was obtained, blood flow increasing during hypo- 
glycaemia. The increase ranged from 100 to 500%. In two subjects, in whom 
forearm flows were recorded bilaterally, a similar increase occurred in both 
arms. The increase in blood flow to the forearm during hypoglycaemia was 
highly significant (P < 0-001). 

Calf blood flow was determined in nine experiments, With one exception 
(a decrease from 3-2 to 2-7 ml./100 ml./min) flow increased during hypo- 
glycaemia. The increase was less dramatic than in the forearm, varying from 
20 to 240%. The difference between the resting and hypoglycaemic flows was 
nevertheless significant (P < 0-05). 


Fig. 2. The effect of insulin hypoglycaemia on blood flow in the extremities in normal subjects. 
(C, before insulin; @, 30-45 min after insulin. 


| effects Sympathectomized subjects 


Subjective sensations and the signs of hypoglycaemia in this group were 
similar to those in normal subjects (Fig. 3), except that sweating, usually a 
prominent feature after the initial stages of hypoglycaemia, was absent from 
the denervated parts. 


Peripheral blood flow 

Seventeen experiments were carried out on fifteen subjects (Fig. 4). Two 
had undergone sympathetic denervation 2 years previously, the remainder 
within the previous 3 months. One patient failed to develop a hypoglycaemic 
reaction after insulin; a subsequent heat test in another showed that sym- 
pathetic denervation was incomplete. Results in these two patients have been 
excluded. Resting flows were similar to those in normal subjects. 

Hand blood flow was measured in ten recently sympathectomized limbs. 
With one exception (an increase from 2-8 to 3-4 ml./100 ml./min) hand flow 


Blood flow (mi./100 mi./min) 
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fell markedly during insulin hypoglycaemia. The average resting inflow was 
10-4 ml./100 ml./min. During hypoglycaemia the average flow was 3-5 ml./ 
100 ml./min, a difference which is highly significant (P< 0-001). 

Foot blood flow showed a similar vasoconstrictor response in four experiments 
on sympathectomized lower limbs. The average resting foot flow fell from 6-9 
to 1-8 ml./100 ml./min. The difference is significant (P < 0-05). 


Insulin Visible sweating 
110 
Onset of reaction 


Blood 
. (mm Hg) (mg/100 


Pulse rate 
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Fig. 3. The effect of insulin, 10 u. 1.v., on the blood sugar, blood pressure, pulse rate, hand and 
forearm blood flow in a sympathectomized female subject aged 21 years: bilateral cervical 
sympathectomy 2 months previously. 


"| Forearm | Calf 


Fig. 4. The effect of insulin hypoglycaemia on blood flow in recently sympathectomized limbs. 
(J, before insulin; gm, 30-45 min after insulin. 
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Forearm blood flow was determined in six experiments on four subjects with 
recently sympathectomized upper limbs. In each case there was an increase 
in flow during hypoglycaemia. The average resting inflow was 2-1 ml./100 ml_/ 
min, which rose to 5-9 ml./100 ml./min during hypoglycaemia. The difference 
is significant (P < 0-05). 

Calf blood flow showed a similar, though smaller, increase in four experiments. 


The average resting flow was 3-4 ml./100 ml./min and this rose to 4-4 ml./. 


100 ml./min during hypoglycaemia, a change which is significant (P < 0-01). 


Effect of insulin and glucose 
It has been assumed that the flow changes in these experiments are the 
result of the hypoglycaemia, and are not due to a direct effect of insulin on 
blood vessels. This is suggested by the fact that flow changes were absent in 
three subjects who failed to develop clinical evidence of hypoglycaemia. 


Blood flow 
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Fig. 5. Changes in blood sugar and forearm blood flow following 1.v. insulin without glucose 
infusion, © (control experiment), and with a continuous glucose infusion, @. Insulin, 
20 u. Lv. given at arrow; 5% glucose-saline solution infused at 3 ml./min during period 
indicated by double lines. Healthy male subject aged 29 years. 


A more direct test was performed in three subjects who had previously 
responded normally to insulin. 20 u. of soluble insulin was injected intra- 
venously, and 5°% glucose-saline was infused at the rate of 3 ml./min. 4-5 g 
glucose was thus infused in 30 min; this, if not metabolized, would raise the 
glucose concentration in the extracellular fluid by approximately 30 mg/ 
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100 ml. This was insufficient to prevent hypoglycaemia, but it delayed the 
onset by 15-20 min. Blood flow changes, together with clinical manifestations 
of hypoglycaemia, were similarly delayed (Fig. 5). 


DISCUSSION 

The pattern of response to insulin hypoglycaemia in intact and sympath- 
ectomized extremities is summarized in Fig. 6, together with corresponding 
changes in bilaterally adrenalectomized subjects (Ginsburg & Paton, 1956). 
The latter differed in that the subjects were in-patients who had fasted since 
10 p.m. the day before and who had a correspondingly lower dose of insulin 
(0-1 u./kg). The blood sugar levels attained and the severity of the hypo- 
glycaemic reactions were, however, similar. 


20 
0 4 
Fig. 6. Mean blood flow changes in the hand and forearm in intact, sympathectomized and 


adrenalectomized (Ginsburg & Paton, 1956) subjects after 1.v. insulin. (1), before insulin; 
@, 30-45 min after insulin. 


mized 


Mean blood flow changes (mi./100 mi./min) 


Hand blood vessels showed a variable response to insulin hypoglycaemia in 
normal subjects; in sympathectomized limbs a definite vasoconstriction 
occurred, while an equally marked vasodilatation was seen in the bilaterally 
adrenalectomized subjects. These differing responses, particularly the variable 
response in normal subjects, suggest that more than one factor is involved. 
Bilateral adrenalectomy is apparently associated with loss of a constrictor 
mechanism to skin vessels, thereby unmasking a vasodilator response, while 
sympathectomy abolishes the vasodilator component. 

The vasoconstrictor component which is lost after adrenalectomy is presum- 
ably adrenaline release, and there is good direct evidence for the release of 
adrenaline during insulin hypoglycaemia in man (Holzbauer & Vogt, 1954). 
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The vasodilatation in the hand is more difficult to explain. Although 
evidence for the existence of vasodilator fibres to the skin of the hand has 
been put forward (Lewis & Pickering, 1931; Fatherree & Allen, 1938), other 
workers have failed to confirm this (Warren, Walter, Romano & Stead, 1942), 
while more recent definitive experiments are against the possibility of their 
existence in the hand in man (Sarnoff & Simeone, 1947; Arnott & Macfie, 
1948; Gaskell, 1956). It is therefore unlikely that the vasodilator response in 
the hand in the present experiments was due to stimulation of sympathetic 
vasodilator fibres. 

A more probable explanation is that the increased skin flow was due to a 
lessening of sympathetic vasoconstrictor tone. As sweating was a prominent 
feature, sympathetic activity to sweat glands must have been increased at this 
time. However, an increased rate of discharge to sweat glands and con- 
currently a diminished rate of discharge to blood vessels are not mutually 
exclusive, as this occurs when sympathetic tone is diminished with sweating 
during indirect heating. 

A third possibility is that the vasodilatation is mediated by a humoral 
factor which in turn is dependent upon sympathetic nervous activity for its 
release. The functional vasodilatation in the salivary glands associated with 
secretory activity is due to release of the vasodilator polypeptide, bradykinin 
(Hilton & Lewis, 1955). A bradykinin-forming enzyme has recently been 
demonstrated in sweat from the human hand and forearm, and this is thought 
to contribute to vasodilatation in the skin on heating (Fox & Hilton, 1956). 
The possibility that this or a similar mechanism associated with sweating 
may contribute to vasodilatation in the skin in hypoglycaemia is being 
investigated. 

Another possibility is that the increased skin blood flow is a passive 
phenomenon resulting from an increase in blood pressure. Abramson et al. 
(1939) considered this explanation unlikely, and so do we, for the mean blood 
pressure remained unchanged or showed a small rise only (although the pulse 
pressure invariably increased), but the increase in hand blood flow was over 
250% in two normal subjects. Similarly, in adrenalectomized subjects 
Ginsburg & Paton (1956) found a marked increase in hand flow, without any 
appreciable change in blood pressure. 

When vasodilatation occurred in the hand during hypoglycaemia the flow 
often remained high after the reaction was over. In some experiments where 
vasoconstriction occurred during hypoglycaemia the flow later rose above the 
resting level. As a result there was a net increase in hand blood flow during 
the recovery period (45-60 min after insulin) compared with the resting values. 
The significance of this is not known. A similar finding was observed in 
adrenalectomized subjects. It cannot be a response of smooth muscle in the 
vessel walls to a period of change in pressure for it was seen in adrenalectomized 
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subjects in whom the mean arterial blood pressure was unchanged during 
hypoglycaemia. 

Blood flow changes in the forearm followed a similar pattern in normal, 
sympathectomized and adrenalectomized subjects. Quantitative comparisons 
cannot be made, however, because of the differences in the conditions of the 
experiments. 

There are several possible explanations of the vasodilatation in the forearm. 
The first possibility, which is very likely in view of the increase in circulating 
adrenaline during hypoglycaemia (Holzbauer & Vogt, 1954), is that the 
increase in flow is in part due to adrenaline release. Although skin vessels are 
constricted the over-all effect of adrenaline infusion in the forearm in man is 
vasodilator (Duff & Swan, 1951). In the sympathectomized forearm adrenaline 
infusion causes a transient vasodilatation, but except immediately following 
operation there is usually no sustained vasodilatation (Whelan, 1952). 

A second possibility is that these changes are mediated by the sympathetic 
nerve supply to the forearm, and this probably accounts for the forearm flow 
changes in adrenalectomized subjects. An increased forearm flow may be 
brought about by decreased vasoconstrictor activity to muscle vessels 
(Roddie & Shepherd, 1956) or to skin vessels (Roddie, Shepherd & Whelan, 
1957a) or by increased vasodilator activity to muscle vessels (Barcroft, 
Edholm, McMichael & Sharpey-Shafer, 1944) or to the skin (Roddie, Shepherd 
& Whelan, 19576). The available evidence is insufficient to distinguish between 
these possibilities, but further experiments are in progress. 

Whatever the mechanism of the vasodilator response in the hand to hypo- 
glycaemia, which may be masked in normal subjects, it is absent from the limbs 
after sympathectomy. In 1934 Freeman et al., on the basis of similar experi- 
ments but using skin-temperature determinations as an index of flow changes, 
showed an increased constrictor response to hypoglycaemia in recently de- 
nervated hands. This was interpreted as evidence of super-sensitivity of 
denervated vessels to circulating adrenaline—the first demonstration of the 
phenomenon in man.: Its existence has been amply confirmed (Cannon & 
Rosenblueth, 1949), but it does not occur in all sympathectomized limbs 
(Duff, 1955). It is clear that if part of the normal response to hypoglycaemia 
is a vasodilatation in skin vessels which is dependent upon the integrity of the 
sympathetic supply to the limb, then this response will be lost on sympathetic _ 
denervation. It is therefore incorrect to attribute all the increased constrictor 
response in denervated limbs to a supersensitivity phenomenon. Part of the 
increased constriction will be due to loss of the vasodilatation which, though 
often masked, is one component of the response normally present. It is of some 
interest that in their paper Freeman et al. (1934) state that the surface tempera- 
ture rose in the normal extremity in each of the five subjects receiving insulin. 
This observation is not commented on, although it must have drawn attention 
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to the possibility that the response in cutaneous vessels in an intact limb may 
be vasodilator. 

The experiments in which glucose was infused did not prevent hypo- 
glycaemia and are therefore not conclusive. Doubtless hypoglycaemia could 
have been prevented, but the introduction of hypertonic glucose solutions into 
the circulation, or the infusion of an isotonic solution at a rate greatly in excess 
of that used here, would themselves have caused circulatory changes. A delay 
of approximately 15 min in the onset of flow changes, compared with control 
experiments, when glucose was infused at a rate known not to alter the rate of 
blood flow, strongly suggests that these changes are a response to hypo- 
glycaemia itself and are not due to a direct effect of insulin on blood vessels. 


A central response is in keeping with contemporary views on the effect of — 


hypoglycaemia. 
SUMMARY 


1. Blood flow was measured in intact and in sympathectomized limbs 
during insulin hypoglycaemia, using venous occlusion plethysmography. 

2. In ‘skin’ segments—hand and foot—there was a variable response to 
hypoglycaemia in intact limbs. A vasoconstriction occurred in sympath- 
ectomized limbs. 

3. In ‘muscular’ segments—forearm and calf—there was an increase in 
flow during hypoglycaemia in both intact and sympathectomized limbs. 

4. The onset of flow changes following intravenous insulin was retarded by 
the infusion of a glucose-saline solution. | 3 

5. The variable response in the skin of the intact limb is believed to result 
from the constrictor response to circulating adrenaline being opposed by a 
dilatation mediated by the sympathetic nerve supply. 

6. It is suggested that the increased vasoconstrictor response seen in the 
sympathectomized hand during hypoglycaemia is not entirely due to super- 
sensitivity of denervated vessels, but is in part due to loss of the dilatation 
normally present in the intact limb. 
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URINE CONCENTRATION IN THE RAT DURING 
ACUTE AND PROLONGED DEHYDRATION 


By 8. E. DICKER 
From the Department of Pharmacology, University College London 
(Received 21 June 1957) 


No relation has been found between the enhanced excretion of antidiuretic 
hormone and the increased urinary concentration, in thirsting animals (Dicker 
& Nunn, 1957). The antidiuretic hormone increases the permeability of the 
tubules to water, thus allowing solute-free water from the glomerular filtrate 
to diffuse back into the blood (Wirz, 1956). According to Smith (1956), the 
elaboration of an osmotically concentrated urine is, however, independent of 
the action of the antidiuretic hormone. 

The present investigation has been concerned with the elucidation of the 
mechanism by which the kidneys elaborate a urine osmotically more con- 
centrated than the plasma during antidiuresis produced by vasopressin or by 
prolonged water deprivation. 


METHODS 


Adult white rats of about 200-230 g, reared on a diet containing protein 14 g, fat 4 g, and carbo- 
hydrate 49 g/100 g food, were used. 

The osmotic concentrations of urine (U,,,,,) and plasma (P.,,,) were measured by the reduction 
of freezing point, and were expressed as milliosmols/l. For convenience, the osmolar clearance 
will be abbreviated to C.,,,,, in line with conventions adopted for other clearances. C,,,,, is the rate of 
clearance from the plasma of all osmotically active material, irrespective of its nature (Smith, 1956). 

For the estimation of osmolar clearances in normal rats, the period of urine collection was 
10-30 min. No change in the osmolar concentration of plasma presumably occurs during that 
time and the blood was, therefore, taken at the end of the collection period by cutting both 
jugular and carotid vessels. To produce dehydration, rats were deprived of water for several days 
but were allowed food ad libitum; they were then chosen at random and decapitated at the end 
of each 24 hr period. The plasma osmolar concentration was taken as the mean between that of 
rats killed that day and that of animals killed the preceding day. Urine samples collected during 
24 hr from each rat were treated separately. All clearances were expressed in ml./100 g/min. 

Freezing points were determined with a Beckman ther t ially made for small samples. 


Na and K were estimated with an EEL flame photometer. 

Drugs: Pitressin (Parke Davis and Co.), batch LS 882H and Pitocin (Parke Davis and Cv.) 
batch E 378212, were used as vasopressin and oxytocin solutions respectively. Dextran of 
different concentrations, in 0-6%, NaCl solution, was kindly prepared by the pharmacist of Uni- 
versity College Hospital. 
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RESULTS 
Effects of water load on urine flow, osmolar clearance 
and sensitivity to vasopressin 
Control and hydrated rats. Rats left during the night without food but with 
free access to water were given 5 ml. water/100 g body weight by stomach tube 
in the morning. When 60%, of the water had been excreted, they were weighed 
again and a second dose of 5 ml. of water/100 g was given. After waiting for 
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Fig. 1. Relation between urine flow and water load. For the calculation of water load, see text. 
x, individual measurements of urine flow (ml./100 g/min); ©, urine flow (ml./100 g/min) 
after intravenous injections of 20u. vasopressin/100 g; A, urine flow (ml./100 g/min) after 
intravenous injections of 40.u. vasopressin/100 g. 


30-45 min to allow the water to be absorbed from the gut, the urine excretion 
was measured every 10 min and its volume plotted against changes in body 
weight. Fig. 1 shows that starting with a urine flow of 0-83 ml./100 g/min, 
corresponding to a water load of 4 ml./100 g, there was a regular decline in the 
urine flow until water equilibrium was reached. This occurred when some 
3-0-4-0 ml. urine/100 g had been excreted. Further urine excretion resulted 
in @ negative water balance. Thus rats begin to become dehydrated when 
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60-80 %, of the administered water has been excreted. This agrees with pre- 
vious estimations of the extrarenal water loss (Dicker & Nunn, 1957). 

When doses of vasopressin varying from 20 to 40yu./100 g were injected 
intravenously, the maximum antidiuretic effects were observed when the 
water load was between 3 and 4 ml./100 g; the drug had practically no effect 
when the animal was in water balance (Fig. 1). 


U/p 


Cosm (mi./100 g/min) 


00042: 00085 - 00170 0-0340 ‘00510 00680 0-0850 
Urine flow (ml./100 g/min) 

Fig. 2. Osmolar clearances in relation to urine flow. ©, osmolar clearance estimations in hydrated 
rats; x, osmolar clearances in rats injected intravenously with 10-40 yu. vasopressin/100 g; 
A, osmolar clearances in rats injected with oxytocin, 20—-100.u./100 g (note that there is an 
increase of C,,,, only when oxytocin is injected at low urine flows); A, oxytocin in doses 
from 200yuu./100 g upward; ©, mean osmolar clearance in rats kept in metabolism cages 
with free food and water (see text). 


Estimations of osmolar clearances made in 40 rats given 5 ml. water/100 g 
by stomach tube showed that Cogm remains unchanged over a wide range of 
urine flow (Fig. 2). The mean value of Cogm was 0-017 + 0-0009 (40) ml./100 g/ 
min, which is not significantly different from that of 0-014 + 0-0022 (12) ml./ 
100 g/min observed in rats kept in metabolism cages with free access to food 
and water. At urine flows above 0-070 ml./100 g/min, however, there was 
some increase of the osmolar clearances. It will be seen from Fig. 2 that the 
Uosm/Posm ratio increases from 0-2 for urine flows of 0-083 ml. to 3 for flows of 
0-006 ml./100 g/min. The Uosm/Posm ratio was 1 when the urine flow was 
0-017 ml./100 g/min. 

During prolonged dehydration. After intravenous injection of doses of 
vasopressin up to 100% into hydrated rats the smallest urine excretion 
observed was of the order of 0-0035 ml./100 g/min. This agrees with similar 
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findings observed in rats injected subcutaneously with 3 mu. vasopressin/100 g 
(Dicker & Heller, 1945) and 10 mu. vasopressin/100 g (Heller, 1952). It is, 
however, ten times greater than the mean urine excretion of rats deprived of 
water for 3 days (Dicker & Nunn, 1957). 


Cosm (mi./100 g/min) 
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Fig. 3. Osmolar clearances during prolonged water deprivation. x, osmolar clearances in 
hydropenic rats (for estimation, see text); A, two lower osmolar clearances (see Fig. 4) 
observed in rats infused with vasopressin 20.u./100 g/min, and oxytocin 400yu./100 g/min; 
©, mean osmolar clearances of control rats kept with free access to water and food (see 
Fig. 2). 


Estimation of osmolar clearances made on a 24 hr collection of urine of rats 
kept in metabolism cages with free supply of food but without water for up to 
3 days showed that osmolar clearances were markedly lower than those of 
control animals, and were correlated with urine flow (Fig. 3). Furthermore, 
values Of Cogm were all greater than the corresponding urine flow. The amount 
by which the Cosm exceeded the corresponding urine flow was not constant, 
but varied with the latter. It was 0-0126 ml. for a urine flow of 0-0014 ml./ 
100 g/min but 0-0063 ml. for a urine flow of 0-0007 ml./100 g/min. 
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Effects of saline infusion on urine flow, osmolar 
clearances and sensitivity to vasopressin 

The high rate of urine flow of rats in ethanol anaesthesia, kept with a 
constant water load, leads to a continuous loss of sodium. The depletion of this 
ion in the extracellular fluid together with a high dilution of the plasma provide 
optimal conditions for inhibition of the secretion of the antidiuretic hormone 
and hence for production of a high urine flow. To assess the rate of depletion 
of Na from the tissues without modifying the actual degree of hydration, rats 
in ethanol anaesthesia were prepared in the usual way (Dicker & Greenbaum, 
1954) and their water load kept at 8 ml./100 g. Random samples of urine 
were collected for estimations of Cl, Na, K and freezing points (A). When the 
urine dilution was steady (A = —0-35 to —0-25° C), the stomach catheter was 
removed and the jugular vein connected to a burette delivering either a 
0-9% NaCl solution, an isotonic Krebs-Ringer solution, or an isotonic solution 
containing 4 g glucose +0-2 g NaCl/100 ml. water. The flow from the burette 
was regulated automatically so as to replace any water loss through urine and 
evaporation (Boura & Dicker, 1953). 

The switching over from water administration by mouth to infusion of 
isotonic NaCl solution had no effect on the urine flow except, in a few instances, 
for a transient increase. In 4 control rats, the urine flow remained steady at 
2-7+0-08 and 3-0+0-04 ml./10 min, respectively, for 
more than 3 hr. This happened in spite of the fact that during the infusion of 
0-9% NaCl solution the urine concentration increased. The urine even became 
hypertonic, the freezing point falling from A= —0-25° C vam the control 
period to A= —1-20° C. 


TaBLe 1. Relation of urine concentration and antidiuretic action of vasopressin 
During infusion of 0-9% NaCl solution 


Water diuresis "Ist collection 2nd collection 3rd _ collection 
vasopressin Aof  Antidiuretic A of “Antidiuretic Aof  Antidiuretic Aof  Antidiuretic 
injected urine effect urine effect urine effect urine effect 
(uu./100g) (°C) (l—a)x100 (°C) (l—a)x100 (°C) (l—a) x 100 (°C) (1—«) x 100 
0 — 0-38 40 —0-58 10 — — — — 
— 0-25 38} 40 — 0-60 5 — 
— 0-44 41 —0-74 0 
— 0-37 62 — 0-58 45 — 0-80 5 — 
— 0-32 60 — 0-62 — 0-85 
— 0-45 58 — 0-92 0 
— 0-40 85 — 0-80 — 0-95 27 —1-07 15 
— 0-38 85 —0-66 47 —0-90 30 —1-10 10 
— 0-34 83> 84 — 0-85 4 —0-97 3} — 1-20 5 
— 0-25 80 — 0-90 35 — 0-95 — — 


(1953). The values of A were those of urine sampled | 
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Injections of doses of vasopressin varying between 10 and 40uu./100 g were 
given before and after the beginning of the infusion, in 10 rats. (6 rats received 
a 0-9°% NaCl solution and 4 rats a Krebs-Ringer solution.) Soon after the 
beginning of the infusion, there was a decrease of the antidiuretic response to 
vasopressin. The decrease of the antidiuretic response was gradual; eventually 
injections of even large doses of vasopressin were ineffective (Table 1). 

At the end of three similar experiments, during which an isotonic solution 
of NaCl had been infused for nearly 2 hr, the infusion was stopped and the 
water load kept constant by oral administration of water. Doses of 20pu. 
vasopressin/100 g were injected during the infusion of isotonic saline solution 
and during the recovery period. Whereas no antidiuretic responses were 
observed during the infusion of isotonic saline solution, they progressively 
reappeared during the recovery period. 

In rats in which the water load had been kept constant by an infusion of 
an isotonic solution of 4g glucose and 0:2 g NaCl/100 ml. the antidiuretic 
potency of standard doses of vasopressin remained unimpaired. The values of 
A of urine varied between —0-40 and —0-55° C, indicating that the urine 
remained hypotonic. 


Effects of injections of dextran on urine flow, osmolar 
clearance and sensitivity to vasopressin 

Observations of the water content of plasma, which fell from 92-3 + 0-09 (12) 
to 91:1% +0-1 (12) im rats deprived of water for 3 days suggested that the 
plasma volume had been reduced. In order to produce a reduction of plasma 
volume without increasing its osmotic pressure, doses of 0-3-1-0 ml./100 g of a 
solution of 8% dextran were injected intraperitoneally either into rats an- 
aesthetized with ethanol and kept with a constant water load of 8 ml./100 g, 
or into unanaesthetized animals, 3 hr before or 1 hr after oral administration 
of 5 ml. water/100 g. According to Cort (1952), the effect of intraperitoneal 
injection of: dextran solution resembles that of a hyperoncotic solution of 
albumen; both produce peritoneal dialysis. This, however, may be the result 
of a release of histamine, as the injection of dextran always produced a marked 
oedema of the paws and of the face, with sometimes cyanosis of the extremities 
(Wallenius, 1954; Halpern, 1956). The oedema receded after 3-4 hr. 

When injected in rats in ethanol anaesthesia, dextran decreased the urine 
flow almost at once. Two hours after the injection, urine flows as low as 
0-00040 ml./100 g/min were recorded. These values are of the same order of 
magnitude as those observed in hydropenic animals. Post-mortem examina- 
tion of rats killed during the antidiuretic action of dextran showed the 
presence of ascitic fluid (Cort, 1952). 

When dextran had been given in conscious animals before administration of 
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water there was a marked delay in the onset of the diuresis and the urine flow 
remained well below that observed in control animals injected with 0-9°% NaCl 
solution. Similar observations have been made on puppies (Cort, 1954). 
When the injection of dextran was given while water diuresis was under way, 
the decrease of urine flow started about 30 min after the intraperitoneal 
injection. After 2 hr the rate of urine excretion was as low as that of rats 
deprived of water for 3 days. The plasma water content, however, was not 
decreased; it was 921% +0-08 (4). The decrease of urine flow was always 
accompanied by a downward drift of the osmolar clearances and a marked 
decrease of the excretion of Na and K ions. 

The antidiuretic activity of graded doses of vasopressin was estimated in 
rats in ethanol anaesthesia kept with a constant water load of 8 ml./100 g 
(Dicker, 1953) before and after injection of dextran. There was no change in 
the antidiuretic response to vasopressin, while the urine flow was decreasing. 
However, when the urine flow was very low, vasopressin had no measurable 
antidiuretic effect. 


Taste 2. Relation of the antidiuretic activity of vasopressin and U,,,./P..,, Tatios 


in hydrated rats 
Before administration of After administration of 
Urine flow  U,,.,/ Vasopressin Urine flow  U,,,,,/ Antidiuretic 
(m1./100g/ (mil./100g/ injected (ml./100g/ (mil./100g/ effect 
min) ratios min) (wu./100 g) min) ratios min) (l—a«)— 100 
0-032 0-50 0-016 10 0-020 1-00 0-021 39 
* 0-020 1-00 0-020 10 0-017 1-06 0-018 15 
0-055 0-31 0-017 20 0-022 0-91 0-020 60 
0-018 0-89 0-016 20 0-014 1-28 0-021 23 
0-083 0-24 - 0-020 40 0-012 1-33 0-016 85 
0-017 1-00 0-018 40 0-009 2-33 0-018 47 
0-025 0-68 0-017 100 0-010 3-50 0-035 60 


For estimation of antidiuretic effect, see Table ). 


Effect of vasopressin, of oxytocin and of a miature of oxytocin 
and vasopressin on the osmolar clearances of hydrated rats 

The intravenous injection of vasopressin in doses ranging from 10 to 40yu./ 
100 g had no effect on the osmolar clearances. The effect of larger doses 
(100-500 u./100 g) increased the Na, K and osmolar clearances. Table 2 shows 
that when the Uosm/Posm ratio was well below 1, doses of vasopressin from 10 
to 40uu./100 g had their normal antidiuretic effect; the osmolar clearance, 
however, remained unaffected. When the Oogm/Posm ratio was approaching 1, 
the same doses of vasopressin also had no effect on the osmolar clearances but 
had only little antidiuretic effect. Larger doses of 100-500,u. vasopressin/ 
100 g, however, produced both an antidiuretic effect and an increase of the 
osmolar clearance. 


Fraser (1942) and Dicker & Heller (1946) have shown that the subcutaneous 
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administration of oxytocin into unanaesthetized hydrated rats increased the 
excretion of Cl ion in the urine. In the present experiments, doses of oxytocin 
were injected intravenously into rats with varying water loads. In well 
hydrated rats, excreting a urine with a Uogm/Posm ratio below 1, small doses of 
oxytocin up to 100uu./100 g had no effect on the osmolar clearance (Fig. 2). 
Larger doses, however, produced a graded increase of the osmolar clearances. 
This was accompanied by an increase of the secretion of both Na and K ions. 
In rats in water balance (Uosm/Posm = 1) excreting a more concentrated urine, 
even small doses of oxytocin (40-80yu./100g) markedly increased the 
osmolar clearance (Fig. 2). This agrees with Brooks & Pickford’s (19564, b) 
observations on dogs. In no instance did the injection of oxytocin have an 
antidiuretic effect. On the contrary, an increase of the osmolar clearance was 
accompanied by an increase of the urine flow (Dicker & Heller, 1946), without 
substantially raising the Uosm/Posm ratio. 

Abrahams & Pickford (1954) have shown that the release of the antidiuretic 
and the oxytocic hormones from the neurohypophysis is simultaneous, though 
the amount of the latter may be 15-20 times greater than that of the former. 
Oxytocin mixed with vasopressin, in the proportion of 20 parts to 1, was there- 
fore infused at 0-005 ml./min into hydrated rats for 30 min. — 

When such a mixture (10,u. vasopressin + 200u. oxytocin/min/100 g) was 
infused into an unanaesthetized rat during a water diuresis, the expected 
antidiuretic effect was accompanied by an increase of the osmolar clearance 
as large as that following administration of oxytocin alone. Infusion of a 
mixture of 20uu. vasopressin+400yuu. oxytocin/min/100 g in 12 rats pro- 
duced, however, a reduction of the water diuresis accompanied by a marked 
increase of the osmolar clearances (Fig. 4). The greater the increase of the 
osmolar clearance, the smaller appears to be the antidiuretic effect (Fig. 4). 
In fact, in two animals treated in the same way the urine flow decreased to 
0-0034 and 0-0017 ml./100 g/min, without changes of the osmolar clearance 
values (Fig. 4). Further doubling of the concentration of the drugs infused 
neither decreased the urine flow nor increased the osmolar clearance beyond 
the levels reached after infusing the original mixture. It will also be seen 
from Fig. 4 that in nine experiments out of fourteen the urine flow remained | 
above 0-017 ml./100 g/min, though in all cases the Uosm/Posm ratio was 
greater than 1. This raises the question whether the increase of the Uosm/Posm 
ratio above 1 is due to an enhanced water reabsorption, consistent with an 
antidiuretic effect, or to an increased excretion of osmotically active substances. 


Effect of increased osmotic load on the osmotic clearances 
A series of nine rats were kept for 24 hr without food and water. They were 
in a moderate state of hydropenia, and from the amount of antidiuretic 


activity found in their urine collected during that period it could be — 
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Urine flow (mi./100 g/min) 
Fig. 4. Osmolar clearances after infusion of mixtures of vasopressin and oxytocin in hydrated 
rats. ©, vasopressin 10yuu. oxytocin 200yu./100 g/min; A, vasopressin 20yuu. oxytocin 
490 pu./100 g/min; A, vasopressin 40 yu. oxytocin 800ynu./100 g/min; x, after injection of 
1-0 ml. of a 20% mannitol solution into a rat deprived of water and food for 24 hr. 


that a total of about 30 mu. of the antidiuretic hormone might have been 
released from their neurohypophyses. This would roughly represent a rate 
of excretion of 20u. vasopressin/100 g/min (Dicker & Nunn, 1957). 1-0 ml. 
of a 20% mannitol solution was injected intravenously. Mannitol is neither 
secreted nor reabsorbed by the tubular cells. One osmolar clearance only was 
estimated in each rat, blood being sampled at the end of the urine collecting 
period. A range of urine flow from 0-007 to 0-032 ml./100 g/min was arbitrarily 
chosen so as to match that observed in rats infused with vasopressin and 
oxytocin (Fig. 4). The results showed that the osmolar clearance increases 
with urine flow and cannot be distinguished from that observed in rats infused 
with a mixture of 20uu. vasopressin and 400yu. oxytocin/100 g/min. In- 


jection of vasopressin (40-100,u./100 g) after the mannitol had no further 
effect on Coon: 
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The question now arises whether the increase in the U/P ratio produced 
either by vasopressin and oxytocin or by mannitol in hydropenic rats is soley 
due to water reabsorption. It will be seen from Fig. 4 that the osmolar 
clearance in rats after either form of treatment exceeds the urine flow by 
a constant amount. The mean excess was 0-016 + 0-007 (14) ml./100 g/min for 
urine flows ranging from 0-0017 to 0-032 ml./100 g/min. These results indicate 
then that in rats infused with 20uu. vasopressin and 400yu. oxytocin/100 g/ 
min, the amount of water withdrawn from the glomerular filtrate is the same, 
irrespective of the rate of urine flow. A lower concentration, for example, 
10uu. vasopressin and 200pu. oxytocin/100 g/min, produced a smaller in- 
crease in the osmolar clearance (Fig. 4) which exceeded the corresponding 
urine volume by only 0-007 + 0-0863 (5) ml./100 g/min. On the other hand, 
the water reabsorbed can apparently not exceed the value of 0-0016 ml./min 
induced by infusion of 20u. vasopressin and 400yu. oxytocin, since reabsorp- 
tion is not enhanced when the concentration of —— administered is in- 
creased two- or even fourfold. 


Effect of a reduction of glomerular filtration rate on the 
urine flow and the osmolar clearances 

In rats under ethanol anaesthesia and kept at a constant water load, drop- 
lets of water occasionally condense in the tracheal cannula and obstruct 
respiration. If the animals are left unattended, this may lead to asphyxia. 
This effect is always accompanied by a sudden fall in urine flow, which 
exceeds in duration and intensity any antidiuretic effect produced by vaso- 
pressin. In a matter of seconds, the urine becomes concentrated, its freezing 
point falling from A = —0-25 to A=1-40° C. These observations are similar to 
those described by del Greco & de Wardener (1956) in dogs, after inhalation 
of cyclopropane. 

To elucidate this phenomenon, a reduction of glomerular filtration rate was 
secured by partial obstruction of either the abdominal aorta or the vena cava. 
In five rats, in ethanol anaesthesia, a thread was passed around the aorta or 
the vena cava, above the renal vessels. The anatomical situation of the aorta 
in the rat made its constriction technically very difficult. It was successful 
only twice. A partial obstruction of the vena cava, however, was easily 
achieved. The threads were allowed to hang through the abdominal wound. 
The water load was increased from the usual 8 ml. up to 14 or 15 ml./100 g. 
When this is done rats become insensitive to vasopressin (Dicker, 1954); this 
was confirmed, as intravenous doses of vasopressin of 40-50,.u./100 g had no 
antidiuretic effect. When the diuresis was well under way, smal) weights of 
0-5-1-0 g were attached to the thread; the pull on the vessels resulted in their 
graded occlusion. In the case of the aorta the degree of obstruction could be 
controlled by following the changes in blood pressure recorded from the 
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femoral artery. In less than a minute after the beginning of the partial 
occlusion the urine flow decreased, in spite of the fact that the hydration 
remained unchanged. While the obstruction lasted, urine flows as low as 
0-0008 ml./100 g/min were observed. There was a marked increase of the con- 
centration of the urine. A fall of A to —2-20° C was not unusual. The osmolar 
clearance, however, decreased markedly and so did the excretion of Na and/or 
K ions. The release of the occlusion was followed by a slow resumption of the 
diuresis, the urine osmolar concentration returning gradually to its original 
value. 

The conditions of ethanol anaesthesia and high water load in which the 
experiments were carried out suggested that release of endogenous anti- 
diuretic hormone was unlikely, and this was confirmed by collecting urine 
samples before and during the obstruction of the abdominal vessels and 
showing that no antidiuretic activity could be found in either of them. 


DISCUSSION 


The purpose of this investigation was to see whether the mechanism of con- 
centration of urine following administration of vasopressin is the same as that 
operating during prolonged hydropenia. The present work was nearing com- 
pletion when Zak, Brun & Smith (1954) published their results on a similar 
problem in man. According to these authors, the concentrating mechanism 
of kidneys in man is the same whether it is induced by endogenous anti- 
diuretic hormone or by administration of vasopressin and is operated ‘essen- 
tially by the removal of a constant quantity of solute-free water, irrespective 
of the urine flow’. The present findings on control rats agree certainly with the 
latter part of this conclusion. 

Osmolar clearances measure the rate at which osmotically active substances 
are cleared from the plasma, without giving any information as to how this is 
achieved. As long as the osmolar clearance remains equal to the corresponding 
urine volume; i.e. as long as the Uogm/Posm ratio is 1, the urine will be isosmotic 
with plasma and the net renal operation represents merely the excretion of an 
osmotically unchanged glomerular filtrate, and the kidneys will achieve 
nothing with regard to water balance. 

Osmolar clearances remain constant over a wide range of urine flow; this 
is due to marked changes of the Uosm/Posm ratios, which decrease from 4 for 
a urine flow of 0-0042 ml. to 0-2 for flows of 0-085 ml./100 g/min. The urine 
flow of control rats left with free supply of water and food is low and averages 
some 0-004 ml./100 g/min only. Their osmolar clearances are not different 
from those of hydrated rats; the Uosm/Posm ratio, however, is of the order of 4. 
On the assumption that no marked changes of glomerular filtration take place, 
& Uosm/Posm ratio greater than | is usually the result of abstraction of solute- 
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free water from the tubular urine, though the possibility of an increased 
electrolyte concentration due to impaired tubular reabsorption or enhanced 
secretion must not be overlooked. According to Wirz (1956) and to Sawyer & 
Schisgall (1956), vasopressin increases the permeability of the tubules to water, 

thus allowing solute-free water to leave the tubules and hence increase the 
Uosm/Posm ratio. For the following reasons, however, it is difficult to accept 
the view that the increase of Uosm/Posm ratio beyond 1 in control rats can be 
due to the action of vasopressin alone. First, there is no experimental evidence 
that, in man or animals with free access to food and water, there is a sub- 
stantial release of the antidiuretic hormone (van Dyke, Ames & Plough, 1950; 
Ames & van Dyke, 1950; Dicker & Nunn, 1957). Secondly, vasopressin in- 
jected intravenously in physiological doses into hydrated rats produces an 
antidiuretic effect only if the pre-injection Uosm/Posm ratio is well below 1; in 
no instance does vasopressin in physiological doses increase the osmolar 
clearance. Thirdly, when the water load of hydrated rats is kept constant by 
infusion of isotonic NaCl solution into the jugular vein, the steady increase of 
the concentration of the urine is paralleled by a decreased sensitivity to 
vasopressin. These latter findings would explain the observations by Wesson, 
Anslow, Raisz, Bolomey & Ladd (1950) and by del Greco & de Wardener (1956) 
who attributed the insensitivity to vasopressin observed in similar circum- 
stances to the expansion of the extracellular fluid phase. It would appear, 
however, from the present findings that in this case the ‘apparent insensitivity’ 
(Shannon 1942) to vasopressin is not a function of the degree of hydration but 
of the concentration of the urine. 

Abrahams & Pickford (1954) have shown that following an adequate 
stimulus the antidiuretic and oxytocic hormones are released simultaneously 
from the posterior pituitary gland, though the amount of oxytocin released 
may be 15-20 times greater than that of vasopressin. If this is so, it might 
well be that the high Uosm/Posm ratio values observed in control rats is the 
result of the combined action of the antidiuretic and the oxytocic hormones. 

When oxytocin is administered alone in concentrations above 200pu./ 
100 g into well hydrated rats, there is an increase of the osmolar clearance, 
but the Uosm/Posm ratio remains well below 1. This is very likely owing to both 
increased glomerular filtration and decreased tubular reabsorption of electro- 
lytes (Dicker & Heller, 1946; Brooks & Pickford, 1956a, 6). When, however, 
oxytocin is infused together with vasopressin, in the ratio of 20:1, in similarly 
well hydrated rats the increase of osmolar clearance is accompanied by an 
increase Of Uosm/Posm ratio above 1. It is reasonable to attributed the increase 
of the osmolar clearance to oxytocin, and that of the U/P ratio to vasopressin. 

It is of interest to note that after the infusion of fixed quantities of oxytocin 
and vasopressin all the values of osmolar clearances exceed the urine flow by a 
constant amount. That amount is 0-016 ml./100 min for infusion of 400yu. 
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oxytocin + 20uu. vasopressin/100 g/min; but is 0-007 ml./100 g/min only for 
infusions of 200uu. oxytocin+10yuu. vasopressin/100 g/min. This would 
indicate that the effect of vasopressin consists in the removal of a constant 
amount of water from the glomerular filtrate, irrespective of changes of 
Uosm/Posm ratio. The amount of water removed varies only with the concentra- 
tion of vasopressin (Zak et al. 1954). Furthermore, it would seem that there is 
a limit to the amount of water that can be removed from the glomerular 
filtrate, as the osmolar clearances following the infusions of 800u. oxytocin + 
40uu. vasopressin/100 g/min were the same as those after infusions of 400. 
oxytocin + vasopressin/100 g/min. 

During prolonged dehydration, osmolar clearances are also greater than the 
corresponding urine flow. However, the amount by which Cosm exceeds urine 
flow is not constant as in control rats infused with vasopressin, but varies 
with urine flow, the Uosm/Posm ratio remaining constant. It is thus clear 
that the assumption that urine flow of hydropenic animals is entirely con- 
trolled by the antidiuretic hormone alone is not tenable, and that there must 
be some other mechanism responsible for it. 

Glomerular filtration rates have not been measured in non-hydrated or 
dehydrated rats. There is, however, indirect evidence to suggest that it is 
smaller than in hydrated animals (Dicker, 1951). Even in human beings, 
where the filtration rate is much more stable than in other species (Dicker, 
1956), filtration decreases at night as a result of dehydration (Sirota, Baldwin & 
Villareal, 1950). Furthermore, del Greco & de Wardener (1956) have shown 
in the dog that a sudden decrease of the glomerular filtration produces a 
decrease of urine flow and solute output, but a sharp increase of the urine con- 
centration. In the present experiments on rats under ethanol anaesthesia 
kept with a constant high water load, partial constriction of the aorta or of the 
vena cava above the renal vessels produces a decrease of urine flow and of 
solute output accompanied by an increase of the Uosm/Posm ratio. The Cosm 
are similar to those encountered during prolonged dehydration; furthermore, 
the Uosm/Posm ratio does not vary with rate of urine flow. The conditions of the 
experiments (ethanol anaesthesia and high water load) do not favour the inter- 
vention of the antidiuretic hormone; moreover, it could be shown that though 
the urine is highly concentrated, it has no antidiuretic activity when assayed 
on a test rat. It is clear then from these experiments, that both reduction of 
urine flow and increase of its concentration can be achieved by the decrease of 
glomerular filtration alone. 

It would appear from the present series of observations that the mechanism 
of water conservation in rats kept with free access to water and food is con- 
trolled by a fine adjustment between changes in the glomerular filtration rate 
and the combined action of the antidiuretic and oxytocic hormones. In rats 
deprived of water for several days, however, the high concentration of the 
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urine and the reduction of its volume would seem to be primarily due to a 
decrease in glomerular filtration. It is likely that a reduction of blood plasma 
volume is a contributory factor to this mechanism. 


SUMMARY 


1. The osmolar clearance of unanaesthetized control rats remains constant 
for a wide range of urine flow. Its mean is 0-017 +0-0009 ml./100 g/min. 
When the Uosm/Posm ratio is 1, urine and plasma are isotonic. 

2. Intravenous injections of vasopressin in doses from 10 to 40uu./100 g has 
no action on the osmolar clearance. When oxytocin is injected at small basal 
rates of urine flow, it markedly increases the osmolar clearances. 

3. Vasopressin, in doses of 10-40uu./100 g, exerts its full antidiuretic 
action only when the pre-injection values of Uosm/Posm ratio are well below 1. 

4. The infusion of 400,u. oxytocin and 20.u. vasopressin/100 g/min produce 
both an increase of the osmolar clearance and an antidiuretic effect. Even 
when there is no demonstrable reduction of urine flow, Uosm/Posm ratios are 
well above 1, indicating water reabsorption. The amount of water reabsorbed 
can be calculated as the difference between the osmolar clearance observed 
and the theoretical osmolar clearances which would be obtained if plasma 
and urine were isotonic. The amount of water reabsorbed does not vary 
with urine flow; it is independent of the degree of antidiuresis, but varies with 
the amount of vasopressin. 

5. During prolonged hydropenia, osmolar clearances are smaller than in 
control rats and vary directly with urine excretion. The amount of water 
reabsorbed from the isotonic glomerular filtrate is smaller than in control rats 
and varies with the urine volume. 

6. Partial constriction of the aorta or the vena cava above the renal vessels 
produces a sharp decrease of urine flow and an increase of the urine con- 
centration, but a decrease of the osmolar clearance. This is due to a reduction of 
glomerular filtration alone. The urine volumes and the osmolar clearances are 
of the same order of magnitude as those observed during prolonged hydro- 
penia. It would appear that in contrast with the antidiuretic action of vaso- 
pressin in hydrated rats, which consists in the removal of a fixed amount of 
water from the isotonic glomerular filtrate, the low urine excretion observed 
during prolonged water deprivation is primarily due to a decrease of the 
glomerular filtration. 
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In 1939 Bauer (1939) observed that a 14-day-old rabbit showed only a trivial 
rise of blood pressure during acute asphyxia, whereas adult rabbits respond 
with a substantial rise (Jarisch & Wastl, 1926). In new-born rabbits failure 
to respond to asphyxia with a rise of blood pressure might be due to lack of 
sensitivity of the cardiovascular system to pressor amines, to immaturity of 
the chemoreceptor and other vascular reflexes, or to special features of the 
neonatal circulation such as continued patency of the ductus arteriosus. This 
paper is mainly concerned with experiments designed to test the first of these 
possibilities. 

In the rabbit and guinea-pig Dornhorst & Young (1952) described the foetus 
as some twenty times less sensitive to injected adrenaline than the mother. 
Young (1956) has therefore concluded that the circulation of the mature 
mammalian foetus is much less sensitive, weight for weight, to the injection of 
sympathetic amines than is that of the adult. However, this generalization 
does not hold for the mature foetal lamb (Dawes, Mott & Rennick, 1956) and 
we have therefore been led to repeat Dornhorst & Young’s experiments upon 
the rabbit. According to our criteria the circulation of the mature foetal 
rabbit is as sensitive to injected adrenaline or noradrenaline as that of the 
adult. A preliminary account of these observations has been given (Dawes, 
Handler & Mott, 1957). 


METHODS 


Nineteen adult rabbits (1-6-3-5 kg body weight) were used. The majority were anaesthetized with 
sodium pentobarbitone (Nembutal, Abbott Laboratories, 30 mg/kg) given intravenously. Two 
received urethane (1 g/kg), and one each chloralose (60 mg/kg), morphine (18 mg/kg) with chlora- 
lose (50 mg/kg), and morphine (9 mg/kg) with urethane (1 g/kg), respectively. These were supple- 
mented as necessary with ether. The results of the experiments were not influenced by the choice 
of anaesthetic. 
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Observations were made on seventy-two foetal rabbits, delivered from does anaesthetized with 
30-40 mg/kg sodium pentobarbitone given intravenously and supplemented as necessary with 
ether. The foetuses were manipulated as little as possible and were kept moist and warm. One of 
the difficulties encountered in working with foetal rabbite is that the placenta tends to separate 
because of uterine movements. Very often other foetuses are pushed out through the uterine 
incision. These troubles can be minimized by making two small transverse uterine incisions, one 
over the head and the other over the tail of the foetus selected for study. The forequarters and 
hind quarters are then delivered, leaving the uterus to encircle the abdomen like a cummerbund. 
Even with this procedure it was uncommon to succeed in making satisfactory observations on 
more than two or three foetuses in good condition out of any one litter. Sixteen new-born rabbits 
7 min-—28 days old were anaesthetized with sodium pentobarbitone 30 mg/kg intraperitoneally, 
supplemented by open ether. Injections were given into an external jugular vein. In a few 
foetuses injections were given into an umbilical vein. 

wes by © condenser manometer from carotid artery. The electro- 
cardiogram was recorded from conscious rabbits on an Elema electrocardi h or on a Cambridge 
three channel recorder. Heart rate was recorded as described by Wyatt (1956, 1957) using the 
pressure pulse or e.c.g. to drive the meter. 

Gas mixtures were delivered through calibrated rotameters and adjusted as required for 
delivery to thie maternal trachea or (in unanaesthetized new-born rabbits), to an inverted glass 
funnel beneath which they were placed. 

Adrenaline HCI (British Drug Houses) and noradrenaline bitartrate (Levophed, Bayer Products ) 
were used; all doses are expressed in terms of base. 


RESULTS 
Cardiovascular responses to asphyxia and anoxia 

In the first place it seemed desirable to confirm Bauer’s (1939) observations on 
the effect of asphyxia and anoxia on rabbits of different ages, using other 
methods and anaesthetics. In the adult rabbit asphyxia or anoxia, whether 
acute or slow in onset, causes a rise of blood pressure but comparatively small 
immediate changes in heart rate (Jarisch & Wastl, 1926; Bauer, 1939). Our 
observations agree with these conclusions. We always observed a fall of heart 
rate during asphyxia caused by rebreathing into a collapsible rubber bag, and 
never an increase. 

New-born rabbits. In fourteen anaesthetized rabbits 7 min-6 days old, 
acute asphyxia was caused by occluding the trachea, and this procedure in- 
variably led to a fall of heart rate. The arterial pressure was recorded in six of 
these new-born rabbits, but only one showed a transient rise of Pressure before 
the inevitable and progressive fall ensued. 

Asphyxia induced by tracheal occlusion (the method used by Bauer in 
new-born rabbits) is abrupt and leads to great changes in intrathoracic pressure. 
More gradual oxygen deprivation was brought about by giving low O, or low 
O,-high CO, gas mixtures, or by rebreathing into a collapsible bag. With the 
low O, mixtures the heart rate and blood pressure remained steady for a while 
and then fell gradually in thirteen rabbits, 12 min—-24 days old. There was 
sometimes a post-anoxic rise of blood pressure or heart rate. Ten of twenty 
rabbits, 0-24 days old, showed initially a slight rise of blood pressure suc- 
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ceeded by a fall, when made to rebreathe. During recovery a small rise of 
blood pressure above the resting level was usual, and the heart rate sometimes 
exceeded the resting level. Unanaesthetized new-born rabbits never showed 
any significant tachycardia on exposure to low O, mixtures. 

Foetal rabbits. Acute asphyxia of the foetus produced by obstructing the 
umbilical cord or the maternal trachea invariably caused the well known 
response of a profound fall of heart rate‘and blood pressure. Administration of 


“20 108030 ae 
Days 


Gestation Post-partum 
Fig. 1. Ordinate, mean arterial blood pressure; abscissa, age of rabbit. The blood pressure rises 
during the last third of gestation and continues to rise towards adult levels after birth. 
Each point represents one rabbit. 


low O, mixtures to the doe, in some instances combined with 4-6% CO,, 
rarely induced any immediate foetal response but caused a gradual fall of 
heart rate and blood pressure in twenty-two foetuses. The infrequent instances 
of tachycardia hardly exceeded in magnitude normal variations of heart rate. 


The sensitivity of rabbits to adrenaline 

The mean blood pressure of the anaesthetized rabbit increases from about 
9mm Hg at 20 days gestation age to some 105 mm Hg in the adult (Fig. 1). 
Small doses of adrenaline or noradrenaline (0-2-3-0ug/kg body weight) injected 
intravenously caused an increase of blood pressure in all the animals in- 
vestigated, the youngest of which was 24 days gestation age. Fig. 2 shows the 
rise in blood pressure in response to two doses of adrenaline in a rabbit foetus 
of 29 days gestation age, weighing 35g. Injection of 0-Olyg adrenaline 
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(<0-3yg/kg) into a jugular vein caused a blood pressure rise of 16%, while 
002g adrenaline (<0-6ug/kg) caused a rise of 29%, lasting considerably 
longer. The absolute increase of pressure was greater in older animals, whose 
resting blood pressure was higher, but the percentage increase of pressure for 
given doses (weight for weight) was approximately the same at all ages 


(Fig. 3). 
Ag 0- 
E 


Fig. 2. Foetal rabbit, 35 g, 29 days gestation, pentobarbitone anaesthesia. Records of arterial 
blood pressure. Adrenaline was injected at the arrows: A, 0-Olyg; B, 0-02ug. There was no 
significant change of heart rate. 
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Fig. 3. The maximum percentage increase of mean blood pressure has been plotted against the 
dose of adrenaline/kg, given intravenously. The response of foetal (@) and new-born (0) 


rabbits did not differ from that of adults (0). 
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The effect of adrenaline on heart rate 

Adult rabbits. In adult rabbits the heart rate nearly always decreased as the 
blood pressure rose after the intravenous injection of 0-7-8-Oyug/kg adrenaline 
(Fig. 4). The size of the decrease varied considerably from one rabbit to 
another, regardless of the dose of adrenaline or the depth of anaesthesia. Only 
two of nineteen intact rabbits responded with a rise of heart rate at some stage 
of the experiments; in one other the fall was preceded by a small rise. This 
occasional rise of heart rate did not seem dependent on a low resting heart 
rate or on the depth of anaesthesia. It should be mentioned, however, that 


Vagi cut 
Fig. 4. Adult rabbit, 3-3 kg., pentobarbitone anaesthesia. Records of heart rate (above) and 
blood pressure (below). 10yg adrenaline was injected at each arrow. The vagi were cut 
between the two parts of record. 


the resting heart rates of these anaesthetized rabbits (263-380 beats/min) were 
a little higher than those of six conscious rabbits (217-340 beats/min), whose 
e.c.g.’8 were recorded while they sat quietly in their cages. 

Since the slowing of the heart appeared to be related to the rise of blood 
pressure caused by adrenaline, it seemed probable that it was of vagal origin 
as a result of stimulation of carotid and aortic pressure receptors. Division of 
the cervical sympathetic nerves did not change the response. The initial heart 
rate was little altered by vagotomy, but the fall of heart rate caused by the 
injection of adrenaline was reduced from a range of 14-45% to 2-21% in 
seven rabbits (Fig. 4). 

In three rabbits denervation of the carotid sinuses diminished the fall of 
heart rate on the injection of adrenaline from 8-16 % to 1-7%. Denervation 
of the carotid sinuses and section of the depressor. nerves reduced cardiac 
slowing on injection of adrenaline from 15-53% to 0-29% in four rabbits. 

These observations show that some of the cardiac slowing caused by small 
doses of adrenaline in adult rabbits is due to vagal activity initiated by 
stimulation of afferent nerves. The fact that about half the bradycardia was 
present after vagotomy implies that this response must also be due to a 
reduction of sympathetic activity, either reflexly or as a result of a central 
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action of adrenaline. Five rabbits, in which the vagi and depressor nerves had 
been cut and the sinuses denervated, still gave 4-6% fall of heart rate on 
injection of the normal small dose of adrenaline, though in two of them an 
increase of heart rate was elicited by a very large dose (100g) of adrenaline. 
The heart rate of one rabbit in which the thoracic sympathetic chains had been 
removed on both sides, and of one rabbit with the spinal cord cut in the neck, 
increased with small doses of adrenaline. Moreover, it is well known that the 
isolated rabbit heart accelerates on administration of adrenaline. The brady- 
cardia observed in the intact rabbit therefore occurs in spite of the direct 
accelerating action of adrenaline upon the heart muscle. 

New-born rabbits (<28 days old). When adrenaline or noradrenaline was 
injected into new-born rabbits, the heart rate always fell if the animal was 
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Fig. 5. New-born rabbit, 43 g, less than 1 day old, pentobarbitone anaesthesia. Records of heart 


rate (above) and arterial blood pressure (below). 0-Olyg adrenaline was injected at the 
arrows, A before and B after cutting both vagi. 
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more than 1 day old. In seven younger rabbits there was sometifnes a rise of 
heart rate and sometimes a fall. The heart rate usually increased in nine young 
rabbits when the vagi were cut. Vagotomy always reduced or abolished brady- 
cardia caused by injection of adrenaline (Fig. 5). In two other rabbits there 
was actually a small tachycardia in response to adrenaline after vagotomy. 
Cutting the spinal cord of one rabbit and crushing the neck of two others also 
changed the response to adrenaline from no change or a fall of heart rate to an 
increase of heart rate. 
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Fig. 6. Foetal rabbit, 10 g, 26 days gestation, pentobarbitone anaesthesia. Records of heart rate 
(above) and blood pressure (below). Adrenaline 0-02ug was injected at the arrow. 

Foetal rabbits. Foetal rabbits of 24 days gestation age onwards normally 

responded to the injection of adrenaline or noradrenaline by an increase of 

heart rate (Fig. 6), though in two instances there was a decrease and in four 

no change. In two foetal rabbits vagotomy caused a small increase of heart 

rate, but did not significantly alter the response to adrenaline. 


The relation between heart rate and blood pressure 

Fig. 7 shows the relationship between the percentage change of heart rate 
and the maximum mean blood pressure caused by the injection of adrenaline 
or noradrenaline. Foetal, new-born and adult animals are distinguished 


by different symbols. When the maximum mean blood pressure exceeded 
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80 mm Hg, the heart (with the transitory exceptions mentioned above) always 
responded by slowing. Conversely, rabbits in which the maximum mean blood 
pressure achieved was less than 40 mm Hg normally responded with tachy- 
cardia. All but two of the rabbits represented in this part of the graph were 
in the foetal condition. A blood pressure rise to between 40 and 80 mm Hg 
occurred in the majority of new-born rabbits and in a few foetuses. Half of 
these animals, including one foetus, exhibited slowing of the heart and the 
remainder an increase of heart rate. 


Fig. 7. This diagram shows the relation between the percentage change of heart rate and the 
maximum mean blood pressure on injection of adrenaline, in nineteen foetal (@), eleven 
new-born (() and sixteen adult (©) rabbits. The higher the maximum blood pressure, the 
greater the fall of heart rate. 


Fig. 7 demonstrates that there is a general relationship between the 
maximum mean blood pressure induced by the injection of adrenaline and the 
behaviour of the heart rate. If the pressure is high enough, the heart slows. 
Thus in adult rabbits bradycardia is normal, and in new-born rabbits frequent, 
but in foetuses tachycardia is the rule. The adult bradycardia has been shown 
to be largely reflex. The absence of this response in most foetuses and some 
new-borns is not due to insensitivity to adrenaline. Most of them showed 
tachycardia and the blood pressure rose, but perhaps not to a sufficiently high 
absolute level to cause reflex slowing of the heart. Electrical stimulation of 
the vagus of three new-born rabbits 0-3 days old caused a profound fall of 
blood pressure and heart rate (Fig. 8). The efferent mechanism is therefore 
present and functional at birth, and there remain the further possibilities that 


either the afferent mechanisms or their central counterpart are insufficiently 
developed. 
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Fig. 8. New-born rabbit, 49 g, less than 1 day old, pentobarbitone anaesthesia. Above, heart 
rate; below, arterial blood pressure. Stimulation of peripheral cut end of left vagus nerve 
during signal mark. | 


Blood pressure (mm Hg) | 


10 15 20 25 30 Adult 
Gestation Post-partum Days 
Fig. 9. The immediate effect of the intravenous injection of 1-7-10-9 mg/kg hexamethonium is to 
cause @ fall of heart rate and blood pressure in rabbits of different ages. The initial heart rate 
is represented by the closed circle and the initial blood pressure by the open half circle. 


The vertical line from each point represents the fall of heart rate or blood pressure. 
9-2 
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The effect of hexamethonium 

In so far as the behaviour of the circulation depends on the activity of the 
sympathetic nervous system, it would be expected that the injection of 
hexamethonium would lower the blood pressure and heart rate and modify 
some of the circulatory responses to certain stimuli. 

All new-born and adult rabbits showed a substantial fall of heart rate and 
blood pressure on injection of 1-7 to 10-9 mg/kg hexamethonium (Fig. 9). The 
responses were of rather short duration at all ages. Four of five foetuses of 
28-29 days gestation age also showed a fall of heart rate and blood pressure. 
In a few new-born rabbits which had shown a rise of blood pressure on 
asphyxia, this rise was no longer observed after administration of hexame- 
thonium. 

DISCUSSION 
Asphyxva and anoxia 

Bauer (1938) showed that when acute asphyxia was caused by clamping the 
umbilical cord of a foetal rabbit there was a progressive fall of heart rate. When 
the trachea of a new-born rabbit was occluded, there was also a fall of heart 
rate (Bauer, 1939). At 14 days of age acute asphyxia caused only an 
insignificant rise of blood pressure. We have confirmed these observations and 
have also shown that even when asphyxia was induced more slowly, a fall of 
blood pressure and heart rate was the usual response in foetal and new-born 
rabbits. Only very rarely did blood pressure or heart rate increase above the 
initial levels, even during the recovery period. This is quite different from 
the changes observed in foetal and new-born lambs, in which gradual asphyxia 
or anoxia always induces a rise of blood pressure and, initially, of heart rate, 
even two-thirds of the way through gestation, at an age when independent 
existence is not yet possible (Born, Dawes & Mott, 1955). In the new-born 
puppy, foal and calf we have also observed a rise of blood pressure during 
asphyxia or anoxia which was accompanied, at first, by an increase of heart 
rate. The reactions of the new-born rabbit to asphyxia or anoxia are therefore 
different from the new-born of several other species. It is worth mentioning, 
at this point, that the rabbit is less mature at birth, by most external criteria, 
than are members of the other species which were considered. Yet even in the 
adult rabbit asphyxia, anoxia or injection of adrenaline normally causes a fall 
of heart rate, although the blood pressure rises. This may possibly be related 
to the fact that, in the rabbit, the resting heart rate is normally high. 


Sensitivity of the foetal circulation to adrenaline 
_ There are various reasons why the blood pressure of the foetal or new-born 
rabbit should not increase during oxygen lack. One of the possibilities, 
suggested by the work of Dornhorst & Young (1952), was that the circulation 
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of the foetal rabbit was less sensitive to the action of sympathetic amines than 
that of the adult. However, we found the foetus as sensitive as the adult, 
provided that the basis of comparison was the percentage rise of blood pressure, 
rather than the absolute rise. Dornhorst & Young (1952) did not define their 
criteria of cardiovascular sensitivity towards adrenaline. It is true that the 
absolute rise of blood pressure caused by the injection of adrenaline in the 
foetal rabbit is small compared with that in the adult. The resting blood 
pressure of the foetal rabbit is however also small (Fig. 1), and since the aspect 
of physiological importance is rate of blood flow, it is the proportionate change 
of pressure which is likely to be of most significance. 

There are a few technical differences between our procedure and that of 
Dornhorst & Young (1952) which had better be enumerated for the sake of 
clarity. Thus we used barbiturate anaesthesia; they used urethane. We 
delivered the foetus through small transverse uterine incisions and supported 
it on the.mother’s abdomen; they made a longitudinal incision and delivered 
the foetus into a saline bath. We regularly observed a rise of blood pressure 
on injection of 0-01 yg adrenaline; the smallest dose of adrenaline mentioned 
in their paper was 0:25ug. They also mention that Clark (1932) in the cat, 
and Burlingame, Long & Ogden (1942) in the rat, had observed a relative 
insensitivity of the foetal response to adrenaline. Yet reference to Clark’s 
(1932) paper shows a record of an increase of blood pressure from about 17-5 
to 26-5 mm Hg (over 50%) in response to an injection of 0-2ug adrenaline, 
with a duration which Clark himself remarks as relatively longer than that 
seen in the adult. Burlingame ef al. (1942) only injected adrenaline into one 
foetal rat, and that injection was made into an umbilical artery ; this is clearly 
not comparable with an intravenous injection. Neither of these observations 
supports the conclusion that the mature foetus is less sensitive to adrenaline 
than the adult. 

There are two other minor points which cannot be omitted from this dis- 
cussion. First, the course of the foetal circulation is such that adrenaline, 
injected into a jugular vein, is much diluted before it reaches the heart (Dawes 
et al, 1956). It would therefore have been desirable, but was found technically 
impracticable, to inject into a femoral vein. Secondly, the placenta is a low- 
resistance vascular circuit in parallel with the foetus, and this may possibly 
limit the absolute value of the blood-pressure rise on injection of adrenaline. 
A direct comparison of the cardiovascular reactions of the foetus and the 
adult is thus less simple than might at first sight appear. 


Heart-rate changes in the adult rabbit 

The response of the heart rate of the rabbit towards adrenaline is complex in 
the adult. The final result is almost invariably a bradycardia of considerable 
magnitude. A substantial proportion of the slowing is due to the stimulation, 
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by the rise of blood pressure, of the aortic and carotid sinus pressure receptors, 
and this component may be abolished by section of the depressor nerves and 
denervation of the carotid sinuses. Since vagotomy does not completely 
abolish the bradycardia, and never allows a tachycardia to develop in response 
to the injection of adrenaline, some other efferent path for the response must 
exist. Bardier (1898) published an illustration of the effect of ‘extrait cap- 
sulaire’ on the rabbit’s circulation which clearly shows a bradycardia similar 
to that of our rabbits. Verworn (1903) also noted that this bradycardia caused 
by the injection of adrenaline into rabbits was not abolished by vagotomy. 
And Allen (1935) found that the slowing of the heart caused by stimulation of 
the depressor nerves persisted after vagotomy, but that cordotomy at C7 
prevented all bradycardia. He therefore concluded that depressor stimulation 
inhibited sympathetic tone, and this would explain some of our observations. 
There must be another afferent mechanism involved besides the carotid and 
aortic pressure receptors, since vagotomy and denervation of the carotid 
sinuses did not entirely abolish the bradycardia, and since the direct effect of 
adrenaline is to increase heart rate. von Euler (1938) searching for an explana- 
tion for the secondary fall in blood pressure after administration of adrenaline 
to rabbits, a fall which persists after denervation of the carotid sinuses and 
cutting the depressor nerves, concluded that the effect could be explained by 
stimulation of the vasodilator and cardio-inhibitory centres, due to restriction 
of medullary blood supply by vasoconstriction. This could explain our 
findings. There is also the possibility that not all the afferent nerve fibres 
from the pressure receptors distributed up and down the great vessels were in 
fact interrupted by vagotomy and carotid sinus denervation. 


Autonomic control of the circulation in the foetal and new-born rabbit 

Dornhorst & Young (1952) observed very little change in heart rate when 
adrenaline or noradrenaline was injected into rabbit foetuses, whereas the 
great majority of our foetuses showed an increase of heart rate on the injection 
of adrenaline or noradrenaline. The heart rate always decreased if the mean 
arterial blood pressure reached after the injection of pressor amine exceeded 
80 mm Hg. It is clear that, in general, the higher the mean arterial pressure is 
raised by adrenaline or noradrenaline, the greater is the resultant bradycardia 
(Fig. 7). The fact that the heart usually does not slow on injection of adrena- 
line in foetal rabbits may be due to the low absolute level of the peak rise in 
blood pressure. Bauer (1939) put the threshold of the depressor reflex at 
65 mm Hg. Our results suggest that it may be lower, and that the depressor 
reflex may be evoked at birth on injection of adrenaline. 

According to Soltmann (1877) stimulation of the peripheral end of the vagus 
scarcely slowed the heart at all in the new-born rabbit. Kellogg (1927) 
obtained variable results. We found that the vagus of the new-born rabbit was 
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very easily damaged, and that the results then obtained were indeed variable. 
But if an undamaged portion of nerve was excited, there was profound slowing 
of the heart. Moreover, it was not uncommon to observe a slowing of the heart 
in the new-born rabbit on injection of adrenaline, a slowing that was abolished 
by cutting the vagi (Fig. 5). 

The fact that in most foetal and new-born rabbits oxygen lack caused only 
a fall of blood pressure and heart rate suggests that the chemoreceptor reflexes 
were not yet functional, Yet hexamethonium caused a fall of blood pressure 
and heart rate in very young rabbits. Autonomic nervous control of the cir- 
culation is evidently only just becoming established in the rabbit at birth, 
although the cardiovascular system is fully sensitive to adrenaline and 
noradrenaline, as judged by the changes in blood pressure. 


SUMMARY 


1. In confirmation of Bauer (1939) it was found that asphyxia or anoxia 
caused little or no increase in blood pressure or heart rate in mature foetal and 
new-born rabbits. 

- 2. The sensitivity of the cardiovascular system of the mature foetal rabbit 
to injected adrenaline or noradrenaline was equal to that of the new-born or 
adult, as judged by the percentage rise of blood pressure and on a weight-to- 
weight basis. 

3. In rabbits of different ages the change of heart rate on injection of 
adrenaline was related to the absolute peak blood pressure attained. If the 
blood pressure rose to less than 40 mm Hg the heart accelerated, while above 
80 mm Hg it slowed. 

4, The bradycardia in response to injection of adrenaline in the adult 
rabbit was reduced, but not abolished, by cutting the vagi and depressor nerves 
and denervating the carotid sinuses. 

5. Stimulation of the peripheral cut end of the vagi in the new-born rabbit 
caused a profound fall of blood pressure and heart rate. 

6. Injection of hexamethonium caused a proportionately greater fall of 
blood pressure in older rabbits, whose initial blood pressure was higher. 

7. These observations are discussed in relation to the development of 
cardiovascular reflexes in the rabbit and other species. 


We are most grateful to the Nuffield Foundation for supporting this work, to Dr D. G. Wyatt 
for the heart rate meters and to J. Charles and G. K. Smith for technical assistance. 
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HISTOCHEMICAL DEMONSTRATION OF CHOLINESTERASES 
IN THE HYPOTHALAMUS OF THE DOG 
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the Department of Physiology, School of Medicine, University of Pennsylvania, 
Philadelphia, and the Department of Physiology and Pharmacology, Graduate 
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(Received 1 July 1957) 


In the experiments to be described a histochemical study has been made of the 
distribution of true and pseudo-cholinesterase in the hypothalamus of the dog. 
There is considerable evidence to indicate that cholinergic neurones are 
involved in the release of neurohypophyseal hormones. Pickford (1939) 
showed that the intravenous injection of acetylcholine (ACh) produced anti- 
diuresis in atropinized dogs, and that this antidiuresis was reduced or abolished 
by surgical removal of the posterior lobe of the pituitary. She therefore con- 
cluded that the ACh caused release of the antidiuretic hormone. Later experi- 
ments (Pickford, 1947; Duke, Pickford & Watt, 1950) showed that the ACh 
most probably acted on the neurones of the hypothalamus, since injections of 
ACh, as well as anticholinesterases, into the supraoptic nuclei, produced anti- 
diuresis in chloralosed dogs, but only as long as the posterior lobe of the 
pituitary was intact. The injection of the irreversible anticholinesterase, di- 
isopropylfluorophosphate (DFP), into the supraoptic nucleus produced 
immediate antidiuresis followed by prolonged polyuria. This prolonged 
polyuria was attributed to permanent paralysis of neurones resulting from 
local excess of ACh. 

There is some evidence that the neurones concerned with the release of 
oxytocin are also cholinergic, since the injection of DFP into the supraoptic 
nucleus increases spontaneous uterine activity (Abrahams & Pickford, 1956). 
So far no histochemical studies have been performed concerning the distribu- 
tion of cholinergic neurones in the hypothalamus. From histochemical studies 
it is known that the peripheral and central nervous system cholinergic neurones 
contain high concentrations of true cholinesterase, whereas non-cholinergic 
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neurones are characterized by low concentrations of this enzyme. It seemed 
therefore possible that the histochemical localization of true cholinesterase in 
the hypothalamus would aid in the identification of the cholinergic neurones 


concerned in these secretory systems. 


METHODS 


Adult dogs of both sexes weighing from 5 to 20 kg were anaesthetized with sodium pentobarbitone 
and then bled to death from one carotid artery. A block of brain containing the hypothalamus 
and still attached to the base of the skull was quickly removed and placed in a freezing cabinet for 
30-60 min, By this procedure the brain became firm enough (without being frozen) to allow 
dissection without distortion of the hypothalamus. Sections of the hypothalamus were cut on the 
freezing microtome at 10 yu, and before thawing were transferred to slides for the demonstration of 
cholinesterases, using the method of Koelle & Friedenwald (1949) as modified by Koelle (1951, 
1955). In this method the sections are incubated in a medium containing a substrate of either 
acetylthiocholine or butyrylthiocholine, together with copper glycinate. The thiocholine liberated 
as a result of enzyme action is precipitated as a white mercaptide which is converted to copper 
sulphide by subsequent treatment with ammonium sulphide. Hence the site of enzyme activity is 
shown by a dark brown precipitate. The use of the two different substrates allows a distinction to 
be made between true and pseudo-cholinesterase activity. With both substrates, controls were 
carried out using the following inhibitors: DFP, and the dimethyl carbamate of (2-hydroxy-5- 
phenylbenzyl)-trimethyl-ammonium bromide (Nu 683) which were used as selective inhibitors 
for pseudo-cholinesterase, and 1-5-bis (4-allyldimeth phenyl)-pentan-3-1-dibromide 
(BW 284051), which was used as selective inhibitor for true cholinesterase. Eserine was used in 
high concentrations to inhibit both cholinesterases, thereby excluding errors due to other esterases 
or to artifact. 

The only difference between the procedures used in this investigation and those developed by 
Koelle (1955) for the cat brain was to use a weaker concentration of DFP for the selective inhibi- 
tion of pseudo-cholinesterase. In preliminary experiments using homogenates of dog brain in the 
Warburg apparatus, it was found that the concentration of DFP used for the cat would cause 
inhibition of the true cholinesterase as well. The concentration of DFP used for the inhibition of 
pseudo-cholinest was therefore reduced to 5 x 10~*. In all incubation solutions high concen- 
of wine reduce diffesion. This procedure causes 
partial inhibition of cholinesterase activity, and to compensate for this the incubation time was 
extended to 2 hr. 

Groups of serial sections were cut from five regions of the hypothalamus as indicated in Text- 
fig. 1. These regions were: 

(A) immediately anterior to the optic chiasma; 
(B) at the level of the optic chiasma; 

(C) just posterior to the optic chiasma; 

(D) in the infundibular region; and 

(Z) through the mamillary bodies. 


Of the nine brains examined, sections from the first two were incubated in the full range of ten 
incubation solutions. Sections from the other seven brains were incubated in only three solutions, 
since it was found that this allowed adequate discrimination to be made. These solutions were as 
follows: (1) for the demonstration of both cholinesterases, acetyl thiocholine as substrate, no 
inhibitors; (2) for the demonstration of true cholinesterases, substrate with 
DFP as inhibitor of pseudo-cholinesterase ; and (3) for the demonstration of pse holi 
butyrylthiocholine as substrate, with no inhibitor present. 

One section in every group of serial sections was stained by the chrome-alum haematoxylin 
method of Gomori (1941) to aid in the identification of the exact area sectioned. The identification 
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was based on the anatomical accounts of the hypothalamus by Rioch (1929, 1931), Kappers, 
Huber & Crosby (1936) and Clark (1938). In a few experiments, sections, after being incubated for 
the demonstration of cholinesterase, were refixed in Bouin’s fixative and stained by the method 
of Gomori to demonstrate neurosecretory material. 


E 


M.B. 


ON.| 

Pit. ) 


Text-fig. 1, Diagrammatic sagittal section through the hypothalamus to indicate the five planes 
of section referred to in the text. O.N., optic nerve; 0.C., optic chiasma; Pit., pituitary; 


M.B., mamillary bodies. 


RESULTS 


The two types of cholinesterase were found to be discretely localized in the 
hypothalamus of the dog. True cholinesterase was confined to the cell bodies 
and axons of three nuclear groups only: the supraoptic nuclei, the supra- 
chiasmatic nuclei, and the paraventricular nuclei. Pl. 1, fig. 1, shows the 
distribution of true cholinesterase in the region of the right paraventricular 
nucleus on the side of the third ventricle. A lateral detachment of cells of the 
paraventricular nucleus also shows the presence of true cholinesterase. Along 
the side of the third ventricle, cells showing the presence of true cholinesterase 
extend down to the suprachiasmatic nucleus. This can be seen in PI. 1, fig. 2, 
which also shows the presence of true cholinesterase in the cells of the supra- 
optic nucleus, and in cells extending from the suprachiasmatic nucleus, to the 
supraoptic nucleus. The slides from which these photomicrographs were taken 
were incubated in acetylthiocholine and thus show both cholinesterases. This 
results in a light background stain due to pseudo-cholinesterase. This light 
background stain has been deliberately left in to aid orientation of the area. 
Similar sections, incubated in the presence of appropriate concentrations of 
DFP or Nu-683 to inhibit pseudo-cholinesterase, fail to show the background 
precipitation. 

Pl. 1, fig. 3, shows cells of the paraventricular nucleus photographed under 
a higher power. The precipitation due to the true cholinesterase is confined to 
the cytoplasm of the cells, the nuclei being devoid of any precipitation. True 
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cholinesterase is also seen in the axons leaving both ordinary and bipolar 
cells, as well as in structures which appear to be the beginnings of dendritic 
processes. It is not possible to follow true cholinesterase down an axon for any 
distance greater than 400 ; none is visible in the supraoptico-hypophyseal 
tract. 

Sections incubated in butyry]thiocholine, to show the presence of pseudo- 
cholinesterase, reveal a distribution of the enzyme different from that found 
for true cholinesterase. There is a general background of precipitation which 
cannot be associated with any particular structure. Against this background 
two areas of dense precipitation are seen. The first is in the region of the supra- 
optic nuclei. As can be seen in Pl. 2, fig. 1, high-power examination of this 
area shows rings of dense precipitation. When counterstained these rings are 
shown to be around the bodies of the cells of the supraoptic nucleus. The 
second area of dense precipitation is around the third ventricle, but only in the 
region of the paraventricular nucleus. Precipitation can also be seen on some 
of the ependymal cell walls. 

The tuberal and mamillary areas of the hypothalamus do not show precipi- 
tation in any of the incubation media used. Other stained areas included in 
the sections are the caudate nucleus and amygdala. Both of the nuclei appear 
rich in true cholinesterase. A similar finding has been previously reported for 
the rat (Koelle, 1954). The optic nerves, chiasma and tracts appear devoid of 
any precipitation with the exception of some fibres in the dorso-medial part of 
the chiasma which appear to be rich in true cholinesterase. It is of interest in 
this respect that Feldberg & Vogt (1948) found this part of the optic chiasma 
richer in choline acetylase than the ventromedial portion. 

In sections counterstained by the Gomori method after the demonstration 
of cholinesterases, it was possible to see that cells already showing the presence 
of true cholinesterase also showed the cytoplasmic basophilia, said to represent 
the neurosecretory substance. This staining could also be seen in cells sur- 
rounded by pseudo-cholinesterase. 


DISCUSSION 


The restricted localization of true cholinesterase within the cells of the supra- 
optic, paraventricular and suprachiasmatic nuclei of the hypothalamus 
explains why only moderate concentrations of this enzyme have been found 
in manometric determinations of homogenates of whole hypothalamus 


(Burgen & Chipman, 1951). It would appear also that choline acetylase has a — 


similar distribution in the hypothalamus to true cholinesterase, the supraoptic 
nucleus having a high content when compared with the infundibulum (Feld- 
berg & Vogt, 1948) or with the hypothalamus as a whole (Zetler & Schlosser, 
1955). The high concentrations of true cholinesterase in the cells of these 
nuclei suggests the presence of large numbers of cholinergic neurones. It does 
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not, however, indicate whether it is a region of termination or of origin of 
cholinergic neurones, or a region of both origin and termination. From the 
finding that the true cholinesterase is concentrated in the cell bodies, and can 
be seen for the first few hundred microns of the axon as it emerges from the 
cell, one might argue that cholinergic neurones originate in the cells. These 
cells, at least as far as the supraoptic and paraventricular nuclei are concerned, 
are the origin of the nerve fibres to the neurohypophysis, and secretory 
products are supposedly formed within the cells, migrating down the axons to 
their termination in the neurohypophysis from which they are eventually 
released (for review, see Scharrer & Scharrer, 1954). If these same neurones 
were cholinergic, this would produce the unique situation of a neurone’s own 
transmitter substance providing the stimulus for the release of its own endo- 
crine product. An alternative possibility, suggested by Heller (1955), would 
be that the supraoptic and paraventricular nuclei give rise to separate 
conducting and secretory fibres, both of which supply the neurohypophysis. 
The conducting fibres would be cholinergic and supply the pericellular nerve 
nets in the neurohypophysis described by Brookes & Gersh (1941). 

There is another possibility. We know, from the peripheral nervous system, 
that at a synaptic junction where ACh is the transmitter, cholinesterase can be 
found at either the presynaptic endings or in the post-synaptic region. For 
instance, at the sympathetic ganglion, true cholinesterase is found on the pre- 
synaptic terminals (Koelle, 1955), but at the neuromuscular junction true 
cholinesterase is predominantly found post-synaptically, that is, at the muscle 
end-plate. If the same situation that prevails at the neuromuscular junction 
were to apply to the situation in the supraoptic and paraventricular nuclei, 
the histochemical demonstration of large quantities of true cholinesterase in 
the cells of these nuclei and even at the beginning of their axons might well be 
a sign of cholinergic axons terminating on these cell bodies. The inability to 
detect high concentrations of true cholinesterase histochemically in the axons 
of the supraoptico-hypophyseal tract would be in agreement with this view. 

Little is known concerning the function of neurones of the suprachiasmatic 
nucleus. According to Pate (1937), pathways from here terminate in the 
retina. However, in other studies with histochemical methods a similarity was 
found between the supraoptic, paraventricular and suprachiasmatic nucleus, 
all being rich in phosphatases (Cohn & Richter, 1956). 

Burgen & Chipman (1951) found that the hypothalamus, which contains 
only small amounts of true cholinesterase, contains large quantities of pseudo- 
cholinesterase. From its distribution as shown in the present experiments it 
appears that this enzyme subserves a special function in the hypothalamus. 
The high concentration of the enzyme in the area of the ventricle known to 
have a peculiar convoluted ependyma (Kappers, 1929), raises the possibility 
that it acts as a diffusion barrier preventing the diffusion of ACh from the 
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paraventricular nucleus into the cerebrospinal fluid. The pseudo-cholinesterase 
present in high concentration around the supraoptic nucleus would exert a 
similar function. For instance, if the cholinergic neurones converging on these 
nuclei were continuously to release large amounts of ACh and this ACh were 
to escape into the ventricular spaces, widespread effects would result, since it 
is known that the presence of small amounts of ACh in the ventricles of cats 
causes prolonged stupor (Dikshit, 1935; Silver & Morton, 1936; Bornstein, 
1946; Feldberg & Sherwood, 1953, 1954). There is even the possibility that the 
pseudo-cholinesterase plays a part in the destruction of the ACh at the site of 
its release during neuronal activity. This possibility is suggested by the findings 
of Desmedt & La Grutta (1957) that selective inhibitors of pseudo-cholinesterase 
in minute doses will produce the ‘alerting reaction’ in the isolated cat cerebral 
cortex. 
SUMMARY 


1. The distributions of true and pseudo-cholinesterases have been examined 
in the hypothalamus of the dog by histochemical methods. 

2. True cholinesterase was found confined to three nuclei of the anterior 
hypothalamus: the supraoptic, the paraventricular and the suprachiasmatic. 

3. Pseudo-cholinesterase was found around the supraoptic nucleus, and 
around the third ventricle in the region of the paraventricular nucleus. 


This investigation was supported in part by a research grant (B-282 (C 3)) from the National 
Institute of Neurological Diseases and Blindness, of the National Institutes of Health, United 
States Public Health Service. 
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EXPLANATION OF PLATES 


Sections of dog hypothalamus incubated in acetylthiocholine with no inhibitor present, to show 
distribution of true cholinesterase. 


Fig. 1. Coronal section of the dorsal hypothalamus at the level of the paraventricular nucleus. 
Precipitation in the cells of the paraventricular nucleus (PVN), in cells of a lateral detachment 
of the paraventricular nucleus (LPVN) and in cells alongside the third ventricle (3 V). This 
precipitation indicates true cholinesterase as it occurs also in the presence of DFP in the 
incubation solution. The background precipitation is due to pseudo-cholinest , a8 it is 
absent in the presence of DFP. 

Fig. 2. Coronal section of the ventral hypothalamus at the level of the supraoptic nucleus. 
Precipitation in cells of the supraoptic nucleus (SON), suprachiasmatic nucleus (SCN), and 
cells between the two nuclei and along the third ventricle (3V). The precipitate in the cells 
results from true cholinesterase, the precipitate in the background from pseudo-cholinest , 
being absent in the presence of DFP. 


Fig. 3. Cells of the paraventricular nucleus. (For details see text.) 
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show the distribution of pse 


Fig. 1. Supraoptic nucleus. Rings of intense 
precipitation occur around many cells. 

Fig. 2. Coronal section of the hypothalamus at the level of the paraventricular nuclei. Intense 
precipitation around the third ventricle which spreads out to embrace the area of the para- 
ventricular nuclei (PVN). 
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THE ROLE OF ACETYLCHOLINE IN VIRUS-INFECTED 
SYMPATHETIC GANGLIA 


By J. DEMPSHER* anp W. K. RIKER 


From the Thomas C. Jenkins Department of Biophysics, Johns Hopkins Uni- 
versity, Baltimore, Maryland, and the Laboratory of Pharmacology, Unwersity 
of Pennsylvania School of Medicine, Philadelphia, Pennsylvania 


(Received 27 February 1957) 


One of the characteristic effects of pseudo-rabies virus infection in the superior 
cervical ganglion of the rat is the occurrence of spontaneous nerve impulses. 
They are discharged periodically over both preganglionic and post-ganglionic 
trunks, orthodromically in the post-ganglionic, and antidromically in the pre- 
ganglionic trunk (Dempsher, Larrabee, Bang & Bodian, 1955). 

In order to explain this spontaneous activity, it was assumed that following 
infection with pseudo-rabies virus a state of hyperexcitability develops at the 
presynaptic nerve endings which enables impulses to be generated in a few 
presynaptic nerve endings. This leads to excitation of the ganglion cells, as 
well as to an abnormal retrograde spread of excitation over the preganglionic 
fibres (Dempsher et al. 1955). Evidence supporting the view that the spon- 
taneous impulses discharged over pre- and post-ganglionic tissues of virus- 
infected ganglia have their origin in presynaptic nerve terminations, was 
obtained by suppressing the activity in the post-synaptic neurones, and 
demonstrating that the activity continued in the presynaptic nerve. 

The experiments described in this paper confirm this hypothesis and they 
suggest that spontaneous release of acetylcholine (ACh) at presynaptic 
terminations plays a role in the spread of activity over both nerve trunks. 
The experiments deal with the effects of preganglionic denervation, of calcium 
removal, of tubocurarine, acetylcholine, and physostigmine on the spontaneous 
activity in infected ganglia. 

METHODS 
The methods, which have been described in detail by Dempsher et al. (1955), were essentially as 
follows: Rat superior cervical ganglia were infected following intraocular inoculations of a 10% 
suspension of pseudo-rabies-infected chorio-allantoic membranes of 10- to 12-day-old chick 
‘ embryos. The ganglia were excised at a desired stage of infection and suspended upon platinum 

* Holder of Lederle Medical Faculty Scholarship. Present address: Laboratory of Pharma- 
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electrodes in a moist chamber containing a bathing solution equilibrated with a mixture of 95% 
O, and 5% CO,. Impulses in the preganglionic and post-ganglionic trunks were recorded simul- 
taneously by means of condenser-coupled amplifiers and a double beam cathode-ray oscillograph. 
Virus titrations were done by inoculating chorio-allantoic membranes of 10- to 12-day-old chick 
embryos with a series of tenfold dilutions of ground up infected ganglia. The virus titre was that 
concentration which produced haemorrhagic encephalitis in 50% of the embryos 6 or 7 days 


after inoculation. The concentration of virus in a suspension consisting of one ganglion ground up 
in 1 ml. of saline was defined as unity. 


All concentrations of acetylcholine chloride, physostigmine sulphate and tubocurarine chloride 
(Squibb) refer to the final concentration of the salt in the bathing solution. 


RESULTS 

Preganglionic nerve degeneration. In three experiments in which the animals 
were infected 3 weeks—3 months after dividing the preganglionic nerve, no 
spontaneous activity occurred in any of the ganglia. This was not due to 
failure of infection in the ganglia. The animals showed the typical signs and 
symptoms which occur at a stage in which normally innervated ganglia exhibit 
spontaneous discharges over both trunks. For example, there were episodes 
of scratching at a frequency of 1-14 times/min. In addition, after completion 
of the physiological analysis, the three ganglia were assayed for virus particles 
and the virus titre was found to be 10-**, 10-*° and 10-**. The number of 
particles found in the last two of these ganglia certainly represented an 
infectious process severe enough to have caused spontaneous impulses in 
normally innervated ganglia (Dempsher ef al. 1955). 

The possibility that the infectious process in these ganglia might have 
proceeded to a late stage, in which no impulses could be evoked from the post- 
ganglionic neurones, could be excluded by showing that activity was evoked 
by ACh. 

Removal of calcium. The effects of removal of calcium from the environment 
of infected ganglia are dependent upon the stage of the disease process. The 
present observations refer exclusively to ganglia in an early stage of infection, 
when impulses are discharged spontaneously only over the post-ganglionic 
trunk. In this condition the characteristic effect of calcium removal was 
suppression of post-ganglionic virus-induced activity within a few minutes 
(Fig. 1). 

Tubocurarine. It has previously been shown that tubocurarine abolishes 
virus-induced activity in the post-ganglionic trunk, but only reduces the pre- 
ganglionic discharges (Dempsher e¢ al. 1955). An exception was found in the 
present experiments in a relatively early stage of the infection, when the - 
spontaneous preganglionic activity is not pronounced. In this condition tubo- 
curarine abolished the preganglionic and the post-ganglionic discharges 
(Fig. 2). It is conceivable that in this early stage the impulses appearing in 
the cervical sympathetic trunk may be travelling in a few post-synaptic fibres 
descending in this nerve. Therefore, it is possible that the suppressed activity 
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4 Fig. 1. Effect of calcium removal on spontaneous activity in post-ganglionic tissue of rat superior 
cervical ganglion in a very early phase of pseudo-rabies infection. Upper oscillogram of each 
pair of action potentials from preganglionic, lower oscillogram from post-ganglionic trunk. 
Time marker 0-1 sec. 
7 
4 Fig. 2. Effects of tubocurarine 1/33,000 on spontaneous activity in three superior cervical ganglia 
of rats in an early phase of pseudo-rabies infection. Conventions as for Fig. 1. 
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was actually all post-synaptic. Under certain circumstances, however, tubo- 
curarine clearly had some depressant effect on spontaneous preranglionic dis- 
charges. At the late stage of the infection, spontaneous activity ceases to be 
discharged over the post-ganglionic trunk and no post-ganglionic response is 
evoked by preganglionic nerve stimulation. In addition, histological studies 
show that most or all of the ganglion cells are abnormal, and many are 
actually destroyed (Dempsher et al. 1955). Under these conditions, the 
spontaneous impulses over the preganglionic trunk are unquestionably in the 
presynaptic fibres. After tubocurarine the periods of this spontaneous activity 
are greatly reduced, as is shown in Figs. 3 and 4. Since tubocurarine does not 
change the height of the action potential evoked in the preganglionic trunk 
(Fig. 4) the presynaptic nerve endings seem to be the most likely sites of 
action of tubocurarine. This suggestion is in accord with observations of 
Laporte & Lorente de Né (1950) on turtle ganglia in which they located the 
blocking action of tubocurarine chiefly at the presynaptic nerve terminations. 

Acetylcholine. In the infected ganglion ACh 1/5000 initially increased the _ 
virus-induced activity over both pre- and post-ganglionic trunks. This was 
followed by a decrease, and in one preparation, by suppression of activity 
(Fig. 5). The increase and decrease in the spontaneous activity occurred 
simultaneously over both trunks, as though the action was on a pacemaker 
mechanism (Fig. 6). The effects of ACh were also studied in two ganglia in a 
late phase of the disease in which no spontaneous activity was discharged over 
the post-ganglionic trunk and in which preganglionic stimulation failed to 
evoke a post-ganglionic response. In these preparations, also, ACh caused first 
a large increase (Fig. 7) and then a decrease or abolition of the virus-induced 
preganglionic activity. No activity was initiated in the post-ganglionic trunk 
by the ACh. The effect of ACh on the presynaptic fibres was dependent upon 
their intraganglionic terminations, since ACh applied to the cervical trunks of 
ganglia in the late stages of infection produced no activity. 

Physostigmine. The effects of physostigmine in infected ganglia were essenti- 
ally similar to those produced by ACh. Initially there was a simultaneous and 
synchronous increase in activity over both trunks as though the effect was on 
a pacemaker mechanism (Fig. 8). This increase in activity was usually followed 
by a decrease and in one ganglion by suppression of activity (Fig. 9). As in the 
case of ACh, physostigmine applied to two ganglia in a late stage of infection 
produced an increase in the spontaneous discharges over the preganglionic 
trunk (Fig. 10), but no activity was initiated in the post-ganglionic trunk, 
which supports the view that at this stage of infection the post-synaptic 
neurones are not functioning. Furthermore, no activity was initiated by 
physostigmine in infected ganglia deprived by preganglionic nerve degenera- 
tion of their presynaptic terminations. 
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5 min 


Fig. 3. Effect of tubocurarine 1/9000 on spontaneous activity in the preganglionic trunk of rat 
superior cervical ganglion in a late phase of pseudo-rabies infection. Conventions as for 
Fig. 1. | 


100 


"4 
Minutes 

Fig. 4. Effect of tubocurarine on spontaneous activity (continuous line) and height of action 
potentials (broken line) in preganglionic trunks of superior cervical ganglia of three rats at 
a late phase of pseudo-rabies infection. Like symbols from same ganglion. Tubocurarine 
1/9000 added at A and removed at B, C and D. Abscissae: time in minutes. Ordinates: 
percentage time occupied by activity in ten inches of representative record; also height of 
action potentials as percentage of that recorded before tubocurarine. | 
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j 
5 10 15 20 
Minutes | 
Fig. 5. Effect of acetylcholine on spontaneous activity in superior cervical ganglia of three rats 
in an early phase of pseudo-rabies infection. Open symbols refer to preganglionic, closed 
symbols to post-ganglionic trunk. Like symbols from same ganglion. ACh 1/5000 applied 
at A and removed at B, C and D. Abscissae: time in minutes. Ordinates: percentage of 
time occupied by activity in ten inches of representative record. 


of rat 
superior cervical ganglion in an early phase of pseudo-rabies infection. Conventions as for 
Fig. 1. 
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Control 


Fig. 7. Effect of acetylcholine 1/5000 on spontaneous activity in preganglionic trunk of rat 
superior cervical ganglion in a late phase of pseudo-rabies infection. Conventions as for Fig. 1. 
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Minutes 
Fig. 8. Effect of physostigmine on spontaneous activity in pre- and post-ganglionic tissues of 
refer to -preganglionic, closed symbols to post-ganglionic trunk. Like symbols from same 
ganglion. Physostigmine 1/250,000 applied at A and removed at B. Abscissae: time in 
minutes. Ordinates: percentage of time occupied by activity in ten inches of representative 
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3 min 


Fig. 9. Effect of physostigmine 1/250,000 on spontaneous activity in pre- and post-ganglionic 
trunk of rat superior cervical ganglion in an early phase of pseudo-rabies infection. Con- 
ventions as for Fig. 1. 


Physostigmine 


Fig. 10. Effect of physostigmine 1/250,000 on spontaneous activity in preganglionic trunk of rat 
superior cervical ganglion in a late phase of pseudo-rabies infection. Conventions as for 
Fig. 1. 
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DISCUSSION 


Dempsher ¢¢ al. (1955) concluded that the activity which occurs in the pre- 
and post-ganglionic trunk of the superior cervical ganglion of the rat infected 
with pseudo-rabies originates in the preganglionic nerve endings. In support 
of this conclusion they cite two observations. Curare could be applied in 
concentrations sufficient to abolish the activity in the post-ganglionic trunk 
without complete suppression of that in the preganglionic trunk. Further, 
when the infectious process was allowed to continue to a late phase a condition 
ensued in which spontaneous activity was absent in the post-ganglionic trunk 
but impulses continued to be discharged over the preganglionic trunk. In this 
condition the ganglion cells no longer responded to stimuli, and preganglionic 
nerve stimulation did not evoke a post-ganglionic discharge. 

The present observations give further support for the view that the pre- 
ganglionic nerve endings are the site of origin for the virus-induced spontaneous 
discharges. The activity failed to develop after preganglionic nerve degenera- 
tion despite the facts that the infectious process was severe enough to have 
caused activity in a normally innervated ganglion and that the ganglion cells 
remained excitable and responded to ACh. The finding that spontaneous 
discharges over the post-ganglionic nerve are suppressed by removal of calcium 
also locates the origin of the activity in the preganglionic terminals, although 
some increase in excitability of the post-synaptic neurones may be present as 
well. Removal of calcium from the environment of normal sympathetic 
ganglia is known to cause failure of synaptic transmission in spite of a spon- 
taneous discharge over both pre- and post-ganglionic trunks (Harvey & 
MacIntosh, 1940; Brink, Bronk & Larrabee, 1946). The site of blockade is 
therefore assumed to be at the synaptic level or more precisely at the pre- 
ganglionic terminals since Harvey & MacIntosh found that preganglionic nerve 
stimulation did not result in an output of ACh when the ganglion was perfused 
with a calcium-free solution. This inability to release ACh may be due either 
to an inability of the preganglionic impulses to reach the presynaptic terminals 
(Brink, 1954) or to failure of the arriving impulse to cause the release. It is 
unlikely that the’suppression of the virus-induced post-ganglionic discharge in 
the mildly infected ganglion by removal of calcium results from an action on 
the post-ganglionic trunk; calcium removal is known to increase the excit- 
ability of both the pre- and post-ganglionic trunks (Bronk, 1939; Brink et al. 
1946). The effect of calcium removal, like the effect in blocking transmission in 
a normal sympathetic ganglion, must therefore be located at the preganglionic 
nerve endings. 

The effects we observed with curare, ACh and physostigmine, in either sup- 
pressing or accentuating the spontaneous discharge, can be explained by 
assuming that their actions are on the preganglionic nerve endings. This was 
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particularly evident in the experiments in which the effects of these drugs 
were examined in a late phase of the infectious process wnen the virus-induced 
activity was confined to the preganglionic trunk and no post-ganglionic response 
could be elicited by either preganglionic stimulation or ACh, i.e. under conditions 
where the ganglion cells no longer responded to the physiological stimulus for 
excitation. In this condition curare abolished the preganglionic discharge, and 
ACh as well as physostigmine first increased and later decreased the activity 
in the preganglionic trunk. The finding that at an earlier phase of the infectious 
process, when the virus-induced activity occurred in both pre- and post- 
ganglionic trunks, the increase and decrease of activity produced by ACh and 
physostigmine occurred simultaneously in both trunks, as if the action were 
through a pacemaker mechanism, again suggests that these drugs act on the 
preganglionic terminals. Finally, the absence of effects when ACh was applied 
to sympathetic trunks in late stages of the disease process further supports the 
view that the action is on the presynaptic terminals. Physostigmine and ACh 
are usually not regarded as having an action on preganglionic nerve endings in 
the non-infected ganglion, but an action only on ganglion cells (Feldberg & 
Gaddum, 1934; Feldberg & Vartiainen, 1935; Paton & Perry, 1951; Eccles, 
1952). It is possible that in the virus-infected ganglia the effects on the pre- 
synaptic nerve endings were dependent upon the modification of the properties 
of the nerve terminations by the virus infection. On the other hand, it is also 
conceivable that the actions of acetylcholine and physostigmine on presynaptic 
nerve endings in non-infected ganglia are not conducted in a retrograde 
manner. 

Two possible explanations can be offered for the blocking action upon pre- 
synaptic nerve endings by curare. Curare may prevent the depolarizing action 
on nerve endings by spontaneously released ACh. This concept is in agreement 
with the usually postulated mechanism of action of curare in neuromuscular 
and ganglionic blockade (Feldberg & Vartiainen, 1935; Cowan, 1937; Kuffler, 
1943; Feldberg, 1950; Eccles, 1952). However, our evidence suggests that the 
interference with depolarization takes place at presynaptic nerve endings 
rather than at the post-synaptic cell body. Alternatively, the blocking effect 
of curare at presynaptic terminations may be due to an increase in the L 
fraction of the membrane potential (Laporte & Lorente de Né, 1950). 

Our results not only suggest that the virus-induced activity originates in the 
preganglionic terminals but that ACh is involved in the initiation of this 
activity, being released spontaneously from the preganglionic endings and 
being able to excite these endings in the virus-infected ganglion. 

It is possible that even in a normal resting sympathetic ganglion minute 
amounts of acetylcholine are spontaneously and sporadically released from 
preganglionic endings. This situation would be analogous to the spontaneous 
release of small amounts of ACh which is known to occur from the motor nerve 
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endings and which is responsible for the minute motor end-plate potentials 
(Fatt & Katz, 1952). The spontaneous activity in the virus-infected ganglion 
could be the result either of an increased excitability of the preganglionic 
endings and ganglion cells to this released ACh, or of an increased release of 
ACh, or of a combination of both effects. Furthermore, the possibility exists 
that the cholinesterase may be partially depleted so that the released ACh is 


_ not hydrolysed rapidly enough to prevent the initiation of activity. 


Alternatively, the spontaneous activity may be due to an increased in- 
stability of the membrane of the presynaptic nerve endings rather than a 
primary defect in the acetylcholine-cholinesterase systems. A periodic break- 
down of the membrane in these endings could conceivably result in a release of 
ACh in sufficient amounts to initiate activity in both pre- and post-ganglionic 
nerves. 

SUMMARY 

1. Rat superior cervical ganglia were excised at various intervals following 
infection with pseudo-rabies virus, and the virus-induced spontaneous activity 
in these ganglia was studied in vitro with standard electrophysiological 
techniques. 

2. The intermittent spontaneous activity, characteristic for pseudo-rabies- 
infected ganglia, did not develop after section and degeneration of the pre- 
ganglionic nerve. 

3. Removal of calcium from the environment of ganglia was studied in an 
early stage of infection when impulses were discharged over the post-ganglionic 
trunk only. It caused suppression of these impulses. 

4. In intermediate and late stages of infection, acetylcholine and physo- 
stigmine produced an initial increase followed by a decrease in virus-induced 
activity over both pre- and post-ganglionic trunks. 

5. In intermediate and late stages of infection tubocurarine produced a 
decrease in virus-induced activity over both pre- and post-ganglionic trunks. 

6. It is suggested that the virus-induced impulses have their origin in the 
presynaptic nerve endings, that acetylcholine plays a role in the genesis and 
spread of this activity over both pre- and post-ganglionic trunks and that the 
site of action of acetylcholine is at the presynaptic nerve endings. 

We wish to thank Dr M. G. Larrabee for much stimulating criticism and advice. This investi- 
gation was supported by a research grant (no. B717) from the Institute of Neurological Diseases 
and Blindness, United States Public Health Service. 
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THE INFLUENCE OF DRUGS ON CILIARY ACTIVITY 


By JUNE R. HILL* 
From the Department of Anatomy, University College London 
(Received 30 April 1957) 


It is well known that the ciliary mechanism plays an important part in pro- 
tecting the respiratory mucosa against invasion by bacteria (see, for example, 
Payling Wright, 1954), and a depression of its functional efficiency may have 
an important bearing on the occurrence of respiratory infections. Kordik, 
Bilbring & Burn (1952) have reported the effects of a number of drugs on 
ciliary activity. They made the interesting observation that tubocurarine had 
a marked inhibitory effect on ciliary activity in vitro, The concentration 
involved was of the same order (1-10 ~g/ml.) as the plasma concentration 
that is used clinically to produce muscular paralysis (Marsh, 1952). In view 
of the importance of these findings to the anaesthetist it was felt that a fuller 
investigation of this effect was needed. However, the inhibitory effect described 
by Kordik et al. (1952) could not be demonstrated. The reason for this dis- 
crepancy is not certain; but a critical examination of the experimental tech- 
nique has revealed that artifacts easily arise. Once these are eliminated the 
ciliated mucous membrane is seen to be remarkably unaffected by tubocurarine 
even in concentrations as great as 1 mg/ml. 


METHODS 


The ‘activity’ of a cilium depends both on its rate (i.e. beats/sec) and its ‘force’ (i.e. momentum 
per beat). In the transport of particles these two factors are inseparable, and the combined 
function is estimated here, by measuring the rate of movement of particles sprinkled on the surface 
of a ciliated mucous membrane. 

The technique used in the preliminary experiments was almost identical with that described 
by Kordik e¢ al. (1952). The preparation, either frog’s oesophagus or rabbit’s trachea, was 
dissected from a freshly killed animal. (No drug was used—frogs were pithed, rabbits killed by 
injecting air intravenously.) The tube was split down the mid dorsal line, and pinned out flat, 
ciliated surface upwards, on a small waxed cork board, many pins being used to obtain even 
tension. The preparation was kept moist by dropping physiological saline on to it at intervals 
so that a capillary layer of fluid cov-red the mucous membrane all the time. For the frog, Ringer’s 
solution was used, having the following composition (mm): NaCl 115, KCl 2-0, CaCl, 1-8, buffered 
with Na phosphate 2 mm, to pH 7-0; for the rabbit, mammalian Ringer’s solution (mm): NaCl 145, 
KCl 5-77, CaCl, 2-16, buffered with Na phosphate 3 mm to pH 7-2. Carborundum particles were 
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sprinkled on to the surface of the mucous membrane, and observed through a binocular dissecting 
microscope; the time taken for individual particles to traverse the distance between two cross- 
wires in one eye-piece was taken with a stopwatch. Twelve particles were timed in each set of 
observations. Carborundum particles were chosen because they are of uniform size, inert, and 
very easily followed microscopically. The experiments with the frog’s oesophagus were done at 
room temperature (20—24° C); in those with the rabbit’s trachea the temperature was maintained 
at a higher level (35-37° C) by placing the dish containing the preparation on a thermostatically 
controlled warm stage. 
RESULTS 


Two typical results obtained with this technique are shown in Fig. 1 A and B. 
Each point on the graph represents the mean transit time of twelve particles 
and is expressed in sec/cm (i.e. reciprocal of velocity). The reason for using 
particle transit time instead of particle velocity will be discussed later. After 
each set of observations fresh Ringer’s solution was dropped on to the pre- 
paration, except that, where indicated, the Ringer’s solution contained pure 
crystalline tubocurarine (Burroughs Wellcome, freshly dissolved) ; the buffering 
power of the Ringer’s solution was such that the pH of the solution was 
unaffected by the addition of tubocurarine. 
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Fig. 1. Frog’s oesophagus: A and B are different preparations. 7’, tubocurarine in concentration 
indicated, in Ringer’s solution, applied during time shown. For further details see text. 

Fig. 1 does not reveal any clear depressant effect of tubocurarine (contrast 

it with Fig. 5, p. 74, of Kordik e¢ al. 1952); on the contrary, there seems to be 

a slight acceleration, though the fluctuations in the base line make it difficult 

to decide whether this effect is genuine or fortuitous. The fluctuations arise 

from several causes which will now be discussed; they were largely eliminated 
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in the later experiments by suitable modification of technique. A statistical 
treatment was then applied to the results to obtain an accurate estimate of 
experimental variation. It is clear that a number of seemingly minor details 
of technique have an extremely important effect on the result obtained. 
Counter-currents. The capillary layer of fluid which covers the surface of 
the mucous membrane is raised above, and therefore isolated from, the 
capillary layer of fluid on the surface of the cork. Thus, if a current is set up 
by ciliary action in any particular region of this isolated volume, there must 
eventually be an equal and opposite current in some other region. This effect 
is clearly observed in practice, for streams of particles can be seen moving at 
very different speeds, and even in opposite directions, in different regions of 
the preparation. Even considering only a particle seen to be moving in the 
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Fig. 2. Temperature coefficient of ciliary activity; semilog. scale. +, Plotted from data for 
horse’s trachea, L. Hill (1928); x, rabbit’s trachea; [), frog’s oesophagus. 


known direction of the ciliary beat, its velocity will be the resultant of forward 
propulsion by ciliary activity and movement of fluid in the opposite direction 
produced by counter-currents near it. The truth of this explanation is con- 
firmed by immersing the preparation 2 or 3 mm below the surface of a bath 
of Ringer’s fluid so that the counter-currents can flow in the bulk of the 
solution away from the beating cilia and the indicating particles. All evidence 
of counter-currents then disappears: the forward velocity of particles is more 
or less uniform at all points on the surface. This modification of technique was 
adopted for all later experiments. L. Hill (1928) used a similar immersion 
technique, but he did not discuss his reasons for doing so. 

Temperature control. Ciliary activity has a relatively large temperature 
coefficient. L. Hill (1928) gives data for the influence of temperature on ciliary 


activity in the horse’s trachea which have been plotted in Fig. 2. From the 
11-2 
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slope of the line, Q,,=2-1 (i.e. activity increases 7-6°%,/° C temperature rise). 
My own experiments on the rabbit’s trachea and the frog’s oesophagus give 
similar values for the temperature coefficient (Fig. 2). In view of the high 
Qio it is clear that special precautions must be taken to ensure that the tem- 
perature remains constant. This was accomplished by enclosing the pre- 
paration in a double-walled glass chamber with well-stirred water between the 
walls, This kept the temperature fluctuation to less than +0-5° C throughout 
each experiment. 

Mechanical stimulation. Cilia are sensitive to mechanical stimulation 
(Stewart, 1948; Lucas, 1933). Thus their activity increases if the ciliated 
surface is lightly brushed, if the solution is agitated or changed; even the 
addition of test particles may produce a disturbance. Since such disturbance 
cannot be avoided in these experiments, it was repeated regularly so as to 
form a stable background to the measurements (e.g. fresh particles were 
added before each measurement whether they were needed or not). 


A 


T 
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0 0 0 0 SD & 10 20 3 #0 SO 60 
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Fig. 3. A, rabbit’s trachea; B, frog’s oesophagus. Control series: 5% confidence 
limits drawn to either side of the means; o calculated from individuals. 


Statistical arrangement. In spite of these precautions there was still some 
variation between sets of observations in a control series (i.e. no drug applied) 
on any one preparation, though the variation was now small—compare Fig. 3 
with Fig. 1. Part of the residual variation arises from slow changes within 
the +0-5° C limit to which the temperature was controlled. This would be 
expected, from the Q,,, to give rise to a slow variation between means of 
about 8%. In addition, in some experiments of long duration (see, for 
example, Fig. 6B) there was a small decline in activity over a period of 
hours. 

One must now decide whether this variation in the control series is large 
enough to obscure a genuine effect of the drug studied. In a number of experi- 
ments the standard deviation and standard error of the mean were calculated 
for each set of 12 observations, so that a 5°, confidence limit could be drawn 
at 2-201 x s.z. to either side of the mean (t= 2-201 for 11 degrees of freedom). 
All the confidence limits in Figs. 3-6 were calculated in this way. 
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The confidence limit establishes the precision of each estimate of the mean. 
Consider Fig. 3: A and B are both controls; the means show genuine fluctua- 
tions, since the variation between one mean and the following mean is greater 
than that set by the confidence limit more often than 1 in 20 times (about 
1 in 6 times in Fig. 3). This makes it impossible to lump together all the obser- 
vations as though they came from the same population; thus in testing for 
the effect of a drug, it is impossible to apply a simple ¢ test to assess whether 
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in Fig. 68, rabbit's 
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Fig. 4. Relation between velocity and transit time. Inset, frequency distribution diagrams. 
Area, frequency: abcissae: A,, B,, transit time, sec/com; A, B,, same data after transformation 
into velocity, cm/sec; data for A taken from experiment shown in Fig. 6B, rabbit’s trachea ; 
data for B taken from experiment shown in Fig. 5B, frog’s oesophagus. 


the drug has altered the ‘population’ mean. Nevertheless, the confidence 
limit gives a useful impression of the precision of each estimate. The slight 
variation from one moment to another may conceal a slight effect of the drug, 
but can hardly conceal an effect large enough to be of pharmacological interest. 
The biggest effect that tubocurarine 1 mg/ml. could possibly exert is certainly 
less than +5% of the total activity. 

The measurement obtained experimentally is one of particle transit time, 
which can, if desired, be converted to particle velocity by referring to Fig. 4. 
This conversion is only permissible after all statistical tests have been com- 
pleted. The reason for this is shown clearly in Fig. 4 (inset): transit time is 
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distributed normally (A,, B,) but skewness is introduced by conversion to 
velocity (A,, B,). 

Figs. 5 and 6 show typical experiments in which the statistical treatment 
outlined above was applied. It is obvious from these figures that tubocurarine 
did not have any marked effect on activity. 
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Fig. 5. Frog’s oesophagus. T, tubocurarine in concentration indicated, in Ringer’s solution, 
applied during time shown. 5% confidence limits drawn to either side of the means; ¢ calcu- 
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Fig. 6. Rabbit’s trachea. Conventions as for Fig. 5. 
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Since the coefficient of variation is rather stable from time to time and from 
one preparation to another, with a mean value of about + 3°, the confidence 
limits for the means in later experiments were based on this figure. The mean 
was a8 before, based on twelve observations. This procedure has the advantage 
that one does not need to note individual times, but only the summed time 
(an adding stopwatch was used). Sets of observations could thus be made at 
much shorter intervals than before (every 3-5 min, instead of every 10 min) 
so that, if the drug had only a transient effect, this would not be missed. 

Tubocurarine has been tested on both types of preparation in concen- 
trations of 1, 10 wg/ml, 0-1, 1 and 2 mg/ml., but. in no experiment did any 
concentration of tubocurarine produce significant ciliary inhibition. 


10 2 3 #0 3 6&6 70 8 W 100 110 120 130 
Time (min) 


Fig. 7. Frog’s oesophagus. Conventions as for Fig. 5. ACh in concentration indicated, in Ringer’s 
solution, applied during interval shown. 5% confidence limits in this case based on mean 
coefficient of variation—see text. 


On the frog’s oesophagus further experiments showed that (1) there was 
no essential difference between the rates of transport of poppy seeds and 
carborundum particles, whether tubocurarine was present or not; (2) tubo- 
curarine had no inhibitory effect when only a capillary layer of fluid covered 
the mucous membrane, though the results were more difficult to interpret 
because of counter currents; (3) tubocurarine was still without effect when 
either unbuffered Ringer’s fluid or Ringer’s fluid buffered with bicarbonate 
and CO, was used. 

A few experiments were done in which the effect of acetylcholine on the 
activity of frog’s oesophagus cilia was tested (see Fig. 7). (The salt was used, 
bromide and chloride both gave similar results.) No appreciable effect was 
obtained with concentrations of lwg-0-lmg/ml.; at a concentration of 
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0-2 mg/ml. however this drug did have a significant accelerating effect 
(see Fig. 7). Removal of the drug solution was not followed by a transient 
reduction in ciliary activity to below its control level such as was reported by 
Kordik. et al. (1952). The possibility that acetylcholine had been destroyed 
was excluded by testing the solutions on a frog’s rectus at the end of the 
experiment. 
DISCUSSION 

A reliable method for estimating ciliary activity is of great practical importance 
to the study of the physiology of cilia. Many attempts have been made to 
use the rate of transport of particles over the surface of a ciliated mucous 
membrane as an index of its activity; see, for example, Lommel (1908), 
Henderson & Taylor (1910), Hach (1925), L. Hill (1928), Lucas & Douglas 
(1934), Barclay & Franklin (1937), Stewart (1948). However, the results 
obtained were generally unsatisfactory; only Hill and Stewart seem to have 
obtained fairly consistent quantitative results. The difficulties experienced 
have led to some confusion and a good deal of discussion about the best 
technique to use: for example Dalhamn (1956), in a recent extensive study, 
was led to abandon experiments with isolated membranes, apparently because 
of inconsistency in the results. However, once the factors that influence ciliary 
activity have been adequately controlled, consistent results can be obtained 
in vitro. Indeed the consistency of the measurements obtained is very striking. 
The variation between different preparations is not greater than the variation 
during a single experiment. Even more remarkable, the absolute velocity is 
about the same in the frog’s oesophagus and the rabbit’s trachea so long as 
both are at their normal working temperature (18-20°C and 35-37° C 
respectively). Perhaps at this velocity (0-03-0-05 cm/sec) the transfer of 
power from beating cilia to fluid is most effective. L. Hill (1928) gives similar 
figures for optimal velocity. 

The isolated mucous membrane has the added advantages of convenience 
and ease of preparation; also when using it to test the effect of drugs on ciliary 
activity one is not bothered by any possible action of the drug on the local 
circulation. 

The discrepancy between the results reported here and those of Kordik et al. 
(1952) seems to arise from a small difference in the experimental conditions. 
In their experiments the mucous membrane is kept in a moist atmosphere, 
and Ringer’s fluid is applied to its surface from time to time; whereas in mine 
the mucous membrane is completely immersed in Ringer’s fluid. In the 
latter case particle transport continues for at least three days; while in the 
former, activity declines fairly rapidly. In Dalhamn’s (1956) experiments a 
rat’s trachea was exposed to an atmosphere saturated with water vapour, 
and two independent estimates of ciliary activity were made almost simul- 


taneously by observing both mucus flow rate and ciliary beating (by high 
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speed photomicrography). When all ciliary activity had apparently stopped 
as shown by cessation of mucus flow, ciliary beating was unchanged (see his 
tables, pp. 51 and 61). Cessation of mucus flow occurred generally within 
14 min of extirpation in experiments in vitro and about 2 hr after opening the 
trachea in experiments in vivo. 

It seems likely that the viscosity of the mucus increases in spite of the moist 
atmosphere until it becomes so tenacious that the cilia are unable to propel 
it along, though they continue to beat actively. The fact that Dalhamn (1956) 
did not moisten the surface of the mucous membrane might account for the 
rapidity with which the mucus flow stopped. Moistening the mucous mem- 
brane as in the experiments of Kordik et al. (1952) would certainly retard an 
increase in viscosity of mucus but might not prevent it altogether. 

Since ciliary activity was unaffected by tubocurarine, it is highly improbable 
that this drug will produce ciliary depression when given clinically to produce 
muscular relaxation during anaesthesia. Ciliary activity appears to be re- 
latively unaffected by many drugs that have powerful physiological effects. 
This resistance of ciliated mucous membranes to the action of drugs has been 
noted in the past. The pioneer investigations of Purkinje & Valentin (1835) 
more than a century ago showed that ‘the ciliary motions are not affected by 
prussic acid, extract of aloes or belladonna, catechu, musk, acetate of morphia, 
opium, salicin, strychnine, nor by decoction of capsicum, even though most 
concentrated solutions of these substances be used’: L. Hill (1928) reported 
that adrenaline, acetylcholine and histamine had no effect on tracheal cilia. 
Cocaine solutions also have no effect on ciliary activity (Lierle & Moore, 1935; 
Kordik et al. 1952). Many of these drugs act predominantly at the cell surface, 
and the fact that they. have no action on ciliary activity suggests that the 
ciliary contraction, unlike that of muscle, is not initiated at the cell surface. 


SUMMARY 

1. Ciliary activity in the frog’s oesophagus and the rabbit’s trachea was 
measured in vitro by a particle transport method. 

2. When the factors which influence ciliary activity were properly con- 
trolled consistent measurements were obtained. The preparation must be 
fully immersed to prevent counter currents which cause serious inconsistencies. 

3. Tubocurarine had no demonstrable effect on ciliary activity, even in a 
concentration as great as 2 mg/ml. 

4. Acetylcholine had no clear action on ciliary activity in the frog’s oeso- 
phagus in concentrations from 1g to 0-1 mg/ml., but at a concentration of 
0-2 mg/ml. ciliary activity was slightly increased. 
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OBSERVATIONS ON THE INTRAHEPATIC FLOW INTER- 
ACTIONS OF THE HEPATIC ARTERY AND PORTAL VEIN 


By J. GRAYSON anp D. MENDEL 
From the Department of Physiology, University College, Ibadan 


(Received 4 June 1957) 


The nature of the interaction in the liver between portal and hepatic arterial 
terminal vessels has long been a source of speculation since there is here the 
unique situation of a liver sinusoid supplied with arterial blood at high 
pressure and venous blood at low pressure. 

Ginsburg & Grayson (1954) showed that clamping the hepatic artery 
produced a large fall in liver blood flow followed by a large measure of 
recovery. The same workers also showed that, on clamping the portal vein, 
an even bigger fall in blood flow occurred but the extent of the recovery was 
much less. It was felt by the present workers that the further investigation of 
these phenomena might throw additional light on the mechanical interactions 
which must occur at the sinusoids. 


METHODS 


Wistar strain albino rats (200-300 g) of either sex were used. Anaesthesia was induced with ether 
and maintained with pentobarbitone sodium 60 mg/kg (Nembutal, Abbott Laboratories) intra- 
peritoneally. Polyethylene cannulae were inserted into a carotid and a femoral artery after 
heparinization (Liquemin, Roche, 1000 u./kg 1.P.). 

Liver blood flow, The technique of internal calorimetry, fully described elsewhere (Birnie & 
Grayson, 1952; Grayson, 1952) was employed for the assessment of liver blood flow. The operative 
technique involved in the implantation of recorders has been described in detail (Grayson & 
Johnson, 1953). The photographic method of recording described by Carlyle & Grayson (1956) 
which gives automatic temperature and conductivity recordings at intervals of 41 sec was used, 
but the circuit was very much simplified (Fig. 1). The manually operated box, previously used for 
calibration purposes, was discarded. A single thermo-electric circuit from which terminals were 
excluded was used, all connexions (including those to the animal) being soldered. Except for the 
_ cam-operated contact makers, switches and terminals were also excluded from the heater circuit. 
In some of the later experiments the cold junction, previously inserted in a Dewar flask outside 
the animal, was soldered to the constantan wire from the recording thermojunction about 3 in. 
from the heater filament. In such experiments the cold junction was situated in the lower 
abdominal cavity, both thermojunctions and their constantan connexions being thus enclosed 
inside the animal. The only leads emerging were copper wire connexions to the galvanometer and 
copper wire leads from the cam-operated switchgear. 
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Blood-pressure recording. Mean systolic blood pressure was recorded optically, using a Wiggers 
capsule, reflecting a light beam on to the slit of the slow-moving camera which was simultaneously 
recording liver blood flow. The capsule, filled with 0-9% (w/v) sodium chloride solution, was 
connected to the femoral arterial cannula and for purposes of calibration to a mercury manometer 
by polyethylene tubing. 

Blood-pressure compensation. A carotid artery was connected to a blood reservoir containing 
about 10 ml. of heparinized rat blood. This was connected in turn to a pressure-stabilizing bottle. 
Raising or lowering the pressure inside the bottle caused blood flow into or out of the reservoir 
until pressures between animal and reservoir were balanced (Grayson & Johnson, 1953). 
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Fig. 1. Internal calorimetry. Wiring of simplified apparatus for photographic recording. B, 6 V, 
100 A-hr accumulator. M,, M,, M,, microswitches operated by cam from constant speed 
motor. R,, R,, R;, fixed calibrating resistance to give approximate output currents. S,, 8,, 
S,, 0-1Q slide wire resistance for accurate adjustment of output currents. V.J., vacuo- 
junction to enable output currents in A* to be read accurately on microammeter, A. H.L., 
heater leads soldered directly to heated thermocouple. 2R.J., recording thermojunction; 
C.J., cold junction, G, galvanometer unit recording photographically on recording camera. 


Measurement of portal pressure. A serum needle (no. 1), attached to a narrow bore saline mano- 
meter by polyethylene tubing, was passed through the transverse mesocolon and inserted into the 
portal vein for 4-1 cm (Johnson, 1953). Measurement of liver blood flow during this procedure, 
both with intact circulation and after hepatic arterial ligation, showed a small fall in flow followed 
by a rapid return to the original level. Consequently the presence of the needle in the portal vein 
was not considered to cause serious obstruction to portal flow. 

Elimination of the portal blood swpply. Ligation of the superior mesenteric artery followed by 
ligation of the portal vein, above or below the splenic vein as required, was found to be a satis- 
factory method of eliminating the gastro-intestinal inflow into the portal vein. Splanchnic 
congestion was reduced to a minimum and the animals remained in a satisfactory condition for 
2-3 hr. 


RESULTS 


The effect of hepatic artery ligation on liver blood flow 
In six experiments the changes in liver blood flow immediately following 
hepatic arterial ligation were recorded. Rats were anaesthetized with 
Nembutal, the hepatic artery exposed, a ligature placed in position, and a 
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blood-flow recorder implanted into the liver. The blood pressure was stabilized 
at levels of 115-120 mm Hg. Following a period of 30 min in which normal 
blood flow levels were recorded, the hepatic artery was quickly ligated, and 
blood flow recorded for a further period of 15 min. 

The results of a typical experiment are shown in Fig. 2. Immediately 
following ligation of the hepatic artery 5k (conductivity increment) fell from 
mean resting values of 12-4x 10-* to 7-5x 10-4, suggesting a diminution of 
39% in liver blood flow; 7 min after hepatic arterial ligation 5k had risen to a 
level of 10°8x 10-4, a recovery, in terms of 5k of 3-3 x 10-4, or 27% of the 
original pre-ligation blood flow. The mean recovery in liver blood flow for the 
whole group, following hepatic arterial ligation and expressed as a percentage 


H 


1234567 8 9 101112 
Time (min) 
Fig. 2. Recovery in portal flow following hepatic artery ligation. Blood pressure 115 mm Hg 
throughout. Blood flow in this and other figures is given in terms of conductivity increment, 
5k. H =hepatic artery ligated. 


of the original mean blood flow, was 29 + 3 (+ sign indicates the standard error 
of the mean). It is clear, therefore, that without any change in blood pressure 
occurring, the alternative sources of blood supply to the liver increase their 
contributions by this percentage. 

The role of the spleen. In order to determine if the spleen was necessary for 
the recovery in liver blood flow that occurred after hepatic artery ligation, 
experiments were performed in three rats in which the spleen was removed 
immediately before implanting the blood flow recorder, and other experiments 
in three rats 4 days after splenectomy. The blood pressure was stabilized at 
levels between 110 and 140 mm Hg in each case. 

The results of typical experiments are shown in Fig. 3. The experiment 
shown in Fig. 3A was carried out immediately following splenectomy. The 
experiment shown in Fig. 3B was carried out four days after splenectomy. 
It can be seen that splenectomy did not prevent the recovery of liver blood 
flow following hepatic artery ligation. The extent of recovery for the group 
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was of the same order as in the previous experiments with an intact splenic 
circulation, being 31 + 2%, of the original blood flow. 

The role of the collateral circulation. Following hepatic arterial ligation, 
examination of the diaphragmatic surface of the liver revealed a number of 
fine blood vessels arising from the phrenic arteries and entering the liver at 
the bare area. Before hepatic arterial ligation these vessels could only be 
distinguished with difficulty. It was, therefore, considered that some of the 
recovery in liver blood flow following hepatic arterial ligation might be due 
to the opening up of these vessels. Accordingly attempts were made to 
destroy the collaterals by dissection and by cauterization. These procedures 
were unsatisfactory, considerable trauma occurring to the liver and complete 
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: Fig. 3. Recovery in portal flow following hepatic artery ligation. A, immediately 
after splenectomy; B, 4 days after splenectomy. 


removal of collaterals being always uncertain. It was, therefore, impossible in 
this investigation to determine directly the contribution of collaterals to liver 
blood flow in rats with the circulations to the liver intact. 

In six rats, however, the collateral contribution to liver blood flow following 
hepatic arterial ligation was determined as follows. The rats were anaesthetized 
with Nembutal. Ligatures were placed in position round the hepatic artery, 
superior mesenteric artery and portal vein proximal to the splenic vein. 
A blood-flow recorder was implanted in the liver and the blood pressure 
stabilized at 115-120 mm Hg. Liver blood flow was recorded for a period of 
30 min, and the hepatic artery, superior mesenteric artery and portal vein were 
then ligated. Liver blood flow was then recorded for a further period of 30 min, 

-after which the animal was killed by spinal cord section and the thermal 
conductivity of the dead liver recorded. 

It was found in these experiments that there was evidence of a small but 
definite residual flow after tying the hepatic artery and portal vein. The mean 
residual flow for the group, expressed as a percentage of the mean original 
blood flow, was 7+2%. It was evident, therefore, that the collateral blood 
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supply could not account for the 29% recovery in liver blood which followed 
hepatic artery ligation. 

The effect of ganglion blockade. It was concluded from the above experiments 
that the recovery in liver blood flow following hepatic artery ligation was 
mainly due to an increase in gastro-intestinal contribution to liver blood flow. 
Experiments were performed on three rats to determine whether this increase 
was dependent upon nervous factors. 


. Hepatic artery ligated © 


4 8 9 10 11 12 13 14 15 16 17, 
Time (min) 
Fig. 4. Recovery in portal flow following hepatic artery ligation after ganglion blockade 
(T.8.4.B, 15 mg). B.P. 110 mm Hg throughout. 


Rats were anaesthetized with Nembutal, ligatures placed in position round 
the hepatic artery, and blood-flow recorders implanted in the liver. The blood 
pressure was stabilized at 115-120 mm Hg using the pressure compensator. 
Liver blood flow was recorded for a period of 20 min, and then tetraethyl 
ammonium bromide (T.#.a.B.) (7 mg/100 g rat) was given by intraperitoneal 
injection. Liver blood flow was recorded for a further period of 30 min at the 
end of which time blood had stopped transfusing from the reservoir and stable 
liver blood-flow conditions obtained. The hepatic artery was then quickly 
ligated and the liver blood flow recorded for a further 15 min. The results of 
one such experiment are shown in Fig. 4. In this experiment recovery of liver 
blood flow occurred to pre-ligation levels. In the other experiments recovery 
of liver blood flow was 20 and 24%, of pre-ligation blood flow. 

A further point which should be recorded is that in these experiments some 
increase in liver blood flow usually followed ganglion blockade. The increase 
was of the order of 10% of the original liver blood flow. In previous work, 
Grayson & Ginsburg (1954) (using less sensitive means of recording) failed to 
detect this effect. 


* 
+ 
| 


172 J. GRAYSON AND D. MENDEL 


The effect of portal vein ligation on liver blood flow 

In six experiments the effect of portal vein ligation on liver blood flow was 
determined. Ligatures were placed in position round the superior mesenteric 
artery and portal vein proximal to the splenic vein. A blood-flow recorder was 
implanted in the liver and blood pressure stabilized between 115 and 120 mm 
Hg. After recording liver blood flow for a period of 30 min, the portal vein 
and superior mesenteric artery were ligated. Liver blood flow was then 
recorded for a further 30 min. 


Time (min) 
Fig. 5. Recovery in liver blood flow following portal vein ligation. A, blood pressure 
115 mm Hg; B, blood pressure 80 mm Hg. 


Fig. 5A records the results of one such experiment performed with the 
systemic arterial pressure stabilized at 115 mm Hg. Following portal ligation 
there was an immediate fall in liver blood flow of about 60%. In contrast 
with the effects of hepatic arterial ligation, there was no immediate recovery ; 
blood flow fluctuated considerably thereafter, but the mean post-ligation level 
remained depressed by about 60°. Similar results were obtained in all cases, 
a fluctuant post-ligation liver blood flow being a constant feature. 

Three experiments were performed in animals with blood pressures stabi- 
lized at 80 mm Hg, the pressure at which, according to previous work (Grayson 
& Mendel, 1957), hepatic arterial contribution to liver blood flow is maximal. 
Fig. 5B records the results of one such experiment. In this experiment there 
was an immediate drop in liver blood flow of 34%. There was a suggestion of 
recovery but this was not maintained, and after 30 min the mean blood flow 
was still below resting levels. Other experiments gave similar results, the post- 
ligation falls in flow being of the same order and being equally fluctuant. 
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Changes in hepatic resistance with hepatic artery and portal vein ligation 
Hepatic artery ligation. In six experiments portal pressures were determined 
before and after hepatic artery ligation. The effect of hepatic artery ligation 
was to cause a small fall in portal pressure of 5-10 mm saline. The results of 
one such experiment (this experiment is the same as is illustrated in Fig. 2) 
are given in Fig. 6. It will be seen that the effect of hepatic arterial ligation 
was to produce an immediate drop in portal pressure from 105 mm saline to 


100 mm saline. At the same time the liver blood flow fell and then recovered 
1 


A 
+ 1 \ 
x 
/ a 


ortal vein ligation© 
2 


$2 
3 
Time (min) Time (min) 
Fig. 6 | Fig. 7 


Fig. 6. The effect of hepatic artery ligation. A, on liver blood flow; B, on portal pressure; C, on 
resistance to portal inflow. 


Fig. 7. The effect of tying the portal vein. A, liver blood flow changes; B, resistance to hepatic 
arterial inflow. Blood pressure stabilized at 120 mm Hg. 


as described previously. In this experiment resistance to portal inflow 


following ligation was calculated on the basis of Ohm’s law (Johnson, 1953) 
where resistance=perfusion pressure/flow. The results are expressed in 
arbitrary units. 

Resistance to portal flow before hepatic arterial ligation was determined as 
follows. Since blood flow in the liver fell to 61% of resting values after 
ligation of the hepatic artery, it might be concluded that this represents the 
percentage contribution to liver blood of the portal vein (Grayson & Mendel, 


1957). Taking this percentage as representative of the contribution in the 
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intact liver, the portal contributions to the recorded 5k values were calculated 
and resistance to portal flow calculated as above. From Fig. 6C it will be seen 
that hepatic arterial ligation produced a slow decline in resistance to portal 
inflow. 

Portal vein ligation. In these experiments the hepatic artery pressure was 
the sole perfusion pressure after ligating the portal vein. The results of 
resistance calculations from the experiment shown in Fig. 5A are plotted in 
Fig. 7. The hepatic artery pressure has been taken to be equal to the blood 
pressure of 120 mm Hg. Pre-ligation values for resistance to hepatic artery 
flow were calculated from the initial 5k values and from the percentage of 
hepatic artery contribution in the experiment, which (from Fig. 4.4) was 36%. 
Resistance to hepatic artery flow was calculated from the expression, 
resistance = blood pressure/dk. 

From the result shown in Fig. 7B it can be seen that, following portal vein 
ligation, resistance to hepatic artery flow fluctuated considerably. There was, 
however, no clear-cut pattern of reaction and in all such experiments there was 
no significant change in mean resistance to hepatic arterial inflow following 
ligation of the portal vein. 


DISCUSSION 

Ginsburg & Grayson (1954), using the method of internal calorimetry for the 
investigation of liver blood flow in rats, showed that on clamping the coeliac 
axis liver blood flow fell to a mean of 67% of the original level, recovering 
to a mean of 82% of the original flow within 8 min of the ligation. In the 
present experiments similar findings were obtained. Thus clamping the 
hepatic artery produced a mean drop in flow of about 40%. Thereafter blood 
flow recovered to a mean level corresponding to 81% of the original level of 
flow. 

Ginsburg & Grayson (1954) reported a drop of about 60% in liver blood 
flow on clamping the portal vein, followed by a recovery to 50% of the resting 
flow. In the present work the mean initial drop was the same (60%) but there 
was no real evidence of recovery. Following portal ligation the residual blood 
flow was unstable, fluctuations in excess of 10% occurred but no regular 
trends were detected. In the earlier experiments observations after portal 
ligation were continued only for short periods and it is suggested that longer 
periods of observation might have shown that the apparent recoveries 
occurring in some experiments were merely random variations. Whatever the 
explanations of the difference it is clear that the recovery in blood flow which 
follows hepatic arterial ligation is much greater than any recovery which 
might follow portal ligation. 

Recovery in flow recorded after hepatic arterial ligation can only be 
accounted for on the basis of increased flow in the portal vein, or increased 
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flow through the collateral branches supplying the liver through the bare 
area. The existence of such collaterals is, of course, common knowledge, but 
little seems to be known regarding their functions. In the present work, when 
the rest of the liver’s blood supply was intact they were seen to be small; after 
hepatic arterial ligation however they were distended with blood. Accordingly, 
it seemed probable that the amount of blood supplied by these vessels to the 
liver was increased by hepatic arterial ligation. When the hepatic artery was 
intact it was found impossible to determine their percentage contribution to 
liver blood flow. After ligation of the hepatic artery the total blood flow 
through the collaterals was, however, only about 10% of the total pre-ligation 
liver blood flow. Thus, although opening up of collaterals might explain some 
of the recovery process, it could not account for the biggest part of the 
effect. 

There remains, therefore, the conclusion that most of the recovery occurs as 
a result of increased blood flow through the portal vein. Three possibilities 
must be considered. There is the possibility of an increase in the splenic con- 
tribution to the portal flow, such as was previously described when the systemic 
blood pressure was lowered in stages (Grayson & Mendel, 1957). There is the 
possibility of a decrease in the effective resistance to portal flow in the liver. 
Finally there might be an increase in the gastro-intestinal inflow into the 
portal vein. 

That the splenic contribution does not effect the recovery phenomenon was 
shown quite clearly by experiments on animals following removal of the spleen. 
In all such experiments the recovery phenomenon still occurred without 
modification. Although this does not prove that no increase in splenic contri- 
bution occurs on hepatic ligation, it does show that the recovery phenomenon 
under discussion can occur independently of the spleen. Again, with reference 
to the suggestion that the gastro-intestinal contribution might increase, it is 
hard to picture any mechanism whereby this could be effected. If it were the 
major factor, an increase in portal pressure might be expected. In fact, on 
clamping the hepatic artery there was always a slight fall in portal pressure. 
It seems reasonable therefore to eliminate an increase in gastro-intestinal 
contribution as a major factor in the phenomenon. 

There remains, therefore, the conclusion that the fundamental change is 
intrahepatic, a change in vascular resistance to portal flow. The fact that 
portal pressure falls on tying off the hepatic artery in itself suggests a fall in 
hepatic resistance. Resistance determinations as described previously confirm 
this and show a distinct fall in hepatic resistance to portal inflow following 
hepatic arterial ligation. 

Since ganglion blocking agents had no effect on this phenomenon one must 
conclude that it is not reflex. In considering possible explanations it is essential 
to bear in mind that the recovery effect is largely confined to the wae 
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No comparable effect occurs on clamping the portal vein. Recovery cannot 
therefore be attributed to changes in vascular smooth muscle. The evidence to 
hand does not give any indication as to the nature of the resistance changes in 
the liver. However, one factor in the resistance to portal flow which must be 
of importance is the intrasinusoidal pressure. Clearly the higher the intra- 
sinusoidal pressure, the higher the resistance to portal flow (and vice versa). 
Or, to express this in another way, the higher the intrasinusoidal pressure, the 
less the effective perfusion pressure, since the effective perfusion pressure 
which provides the pressure head for the maintenance of flow in the portal 
vein and its ramifications is the portal pressure less the intrasinusoidal pressure. 

It seems to the authors likely that intrasinusoidal pressure must vary with 
hepatic arterial inflow. Thus, a high arterial blood flow, on this basis, would 
produce ‘a high intrasinusoidal pressure and a reduced portal inflow. Tying off 
the hepatic artery altogether might be expected to produce a fall in intra- 
sinusoidal pressure with a consequent increase in portal flow. 

At present this is mere hypothesis. There is no satisfactory method of 
measuring sinusoidal pressure known to the authors. Nevertheless, applied to 
many of the phenomena of liver blood-flow regulation, it is a satisfactory 
hypothesis. It explains the present results—the recovery following hepatic 
arterial ligation, the absence or near absence of recovery following portal 
ligation. Applied to previous work it provides a satisfactory explanation of 
some of the events occurring in the portal vein during graded depression of 
blood pressure. Thus Grayson & Mendel (1957) have shown that lowering the 
blood pressure of a rat produces an increase in the hepatic arterial inflow to 
the liver accompanied by a fall in portal inflow. If one regards the reduction 
in hepatic arterial resistance as the primary phenomenon then the increase in 
sinusoidal pressure, which could be predicted as a result, would be a factor in 
the reduction of the effective portal perfusion pressure and the reduction of the 
portal vein’s contribution to blood flow in the liver. The decrease in resistance 
to portal flow occurring at arterial pressures below 30 mm Hg, at which 
pressure the hepatic arterial contribution ceases (Grayson & Mendel, 1957), 
may also be explained by this phenomenon. The evidence is manifestly in- 
complete but further direct investigation of the hypothesis must probably 
await satisfactory methods of measuring sinusoidal pressure in the liver. 


SUMMARY 
1. Internal calorimetry was used in a simplified form for the recording of 
liver blood flow. i 
2. Clamping the hepatic artery was shown to produce a drop in liver blood 
flow and a slight fall in portal pressure. Following the initial fall there was 


a period of recovery in flow and a continued reduction in hepatic resistance to 
portal flow. 
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3. The recovery was probably mediated in part by the opening up of col- 
laterals reaching the liver through the bare area. Most of the effect, however, 
was due to increased portal blood flow. 


4. The effect was not modified by splenectomy or ganglion blockade. 

5. Clamping the portal vein produced a drop in liver blood flow followed by 
a period of unstable liver blood flow without any definite period of recovery. 

6. It is suggested that hepatic arterial blood flow directly affects sinusoidal 
pressure. Since sinusoidal pressure itself must be a factor in hepatic resistance 
to portal flow, the hepatic artery could thus exert a controlling influence on 
portal inflow to the liver. 


This work was aided by a grant from the Medical Research Council. 
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MAINTENANCE OF RESTING MEMBRANE POTENTIALS 
IN SLICES OF MAMMALIAN CEREBRAL CORTEX 
AND OTHER TISSUES IN VITRO 
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(Received 6 June 1957) 
Investigation of the mammalian brain would be greatly furthered if portions 


from it could be studied by electrophysiological methods while they were 


completely isolated from the body, as the peripheral nerves and spinal ganglia 
can be studied. Spontaneous potentials were observed in an isolated portion of 
the frog brain by Libet & Gerard (1939). Burns (1950, 1951) made observations 
on responses to electrical stimulation of cortical slabs of the cat which were 
connected to the brain only through pial vessels. 

With completely isolated mammalian cerebral tissue adequate supply of 
metabolites for maintenance requires sections less than 0-35 mm in thickness, 
and electrical activity in such sections has not previously been recorded. It 
could be pictured as lost through damage to cells in preparation of the sections. 
However, such tissue under good metabolic conditions has proved to be remark- 
ably autonomous, and has also shown metabolic responses to applied electrical 
impulses (McIlwain, 1951, 1956). With a variety of recording electrodes (but 
not intracellular electrodes), transmission of impulses could not be detected 
in such tissue. A reasonable explanation of the metabolic response is that 
polarized cell elements were maintained in the tissue and depolarized by the 
applied impulses. In this series of experiments evidence was sought for such 
polarized intracortical elements with the use of micropipette electrodes. 
Most observations were made on the cerebral cortex of guinea-pigs and cats. 
Slices from the liver, kidney and skeletal muscles were also examined. 


METHODS 


Tissue slices. The guinea-pigs were stunned by a blow on the neck and bled by cutting the neck. 
The cats were anaesthetized with intraperitoneal thiopental sodium. In each case, the scalp and 
calvarium were removed and the dura reflected. The brain was lifted with a spatula and placed 
on a filter paper which had been soaked in the experimental saline. Slices about 10 x 8 mm and 


a 
‘ 


RESTING POTENTIALS IN ISOLATED TISSUE 179 


0-35 mm thick were cut from the outer convexity of the cerebral hemispheres with a strip of 
razor blade and a template. In some instances two or three successive slices were cut at increasing, 
depths in the cortex. 

After samples of brain tissues had been taken, a kidney and a lobe of liver were removed and 
sliced in the same way. The first slice from these organs was discarded in order to avoid fibrous 
membrane, and the second slice, consisting of tissue 0-35—0-7 mm from the surface, was taken for 
examination. Muscle samples were obtained from the gracilis anticus. The muscles were dissected 
and freed from fibrous tissue while the blood circulation of the animal was intact. They were then 
cut at the pelvic attachments and distal insertions. 

The tissue slices were floated from the cutting blade or guide to a dish containing about 10 ml. 
of an oxygenated saline which contained glucose. The salines were based on those of Krebs as 
described by McIlwain (1951) and Rodnight & MoIlwain (1954). A bicarbonate saline containing 
(mm) NaCl 124, KCl 5, KH,PO, 1-24, MgSO, 1-3, CaCl, 2-8, NaHCO, 26 and glucose 10 was used 
most frequently. The tissue was picked up from the dish by the glass-fibre grid of the slice chamber, 
described below. The grid with its tissue slices was placed in the chamber 2~3 min after the death 
of the animal. 

Slice chamber. The chamber consisted of a glass vessel in the form of an inverted cone, with a 
removable grid (Fig. 1). Its design was based on metabolic data which indicated that slices of 
mammalian cerebral cortex could retain their metabolic response to applied electrical impulses 
when they had been held on the surface of a nutrient saline (McIlwain, Ochs & Gerard, 1952; 
Rodnight & McIlwain, 1954). In distinction from a previous model (McIlwain ef al. 1952), the 
present chamber was designed to maintain the tissue-weight/fluid-volume relationships of typical 
metabolic experiments, by employing 30-100 mg of tissue with 3-10 ml. of saline. At the apex of 
the vessel were two openings, one connected to a 10 ml. syringe through flexible tubing, the other for 
the introduction of a Ag—AgCl wire which served as an indifferent electrode. In the wall of the glass 
vessel was an opening for passage of 0,, CO,, or N, as desired. The glass vessel was covered by a 
transparent plastic lid so that the tissue could be studied in an atmosphere of pure or mixed gases. 
During experiments with N, or CO, 5% (v/v) in N, no attempt was made to maintain strictly 
anaerobic conditions. The chosen gases were bubbled through the salines at the commencement of 
the experiments, and during incubation a good flow of the gas was maintained through the slice- 
chamber, so that the gas leaving through the holes in the lid of the chamber minimized inward — 
diffusion of air. The recording micro-electrode and stimulating electrodes were passed through 
the holes in the lid into the chamber. 

The removable grid in the slice chamber was made of glass fibres (about 0-2 mm diam.) cemented 
to a plastic ring 2-5 om diam., shaped to fit the conical sides of the glass vessel. The apex of the 
glass vessel was immersed in a beaker of water. The beaker, provided with an inlet and outlet for 
the circulation of the water, was held between the claw feet of a binocular microscope. The slice 
chamber rested on supports from the microscope stage. The water in the beaker flowed, through 
a centrifugal pump, from a large tank equipped with a thermostat which kept the water at 39° C, 
and back into the tank. The tank was placed below the level of the beaker, and contained a 
vessel of saline, through which the oxygen or other gas supplied to the slice chamber was bubbled. 

With the thermostat and pump running, the experimental saline was prepared and about 
8 ml. introduced into the chamber by a syringe. (It was found in preliminary experiments that, 
when the water of the thermostat tank was kept at 39° C, the temperature of the saline in the 
slice chamber was 37-5° C; this was checked occasionally during experiments by replacing one 
of the electrodes by a thermometer.) The saline was not circulated continuously but was moved 
occasionally by the syringe, which was also used to withdraw and replace saline and to mix it 
after additions had been made. A flow of the moist gas was maintained with the lid of the slice- 
chamber in position but without the glass fibre grid. Phosphate saline was equilibrated with 
oxygen and bicarbonate salines with CO, 5% (v/v) in O,. A lamp just above the transparent lid 
illuminated the slice chamber and also warmed the lid sufficiently to prevent condensation of 
moisture on the under surface of the lid. 
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Tissue was then prepared and transferred on the grid to the slice chamber, where it was totally 
immersed in saline during a preliminary incubation period of 10-15 min. Two or three slices 
totalling some 2 cm? in area were employed in most experiments. After the preliminary incubation, 
part of the saline was withdrawn by the syringe, leaving the tissue on the grid. While the saline 
was being withdrawn, the tissue was guided into place with a spatula or fine brush to prevent 
folding or overlapping. Stimulating and recording electrodes were then lowered through holes 
in the lid. Opportunity was taken at approximately 30 min intervals to flood the surface of the 
tissues with saline to a depth of 1-2 mm. When it was necessary to observe the entry of an electrode 
into the tissue, the saline was withdrawn. 
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Fig. 1. Slice chamber: A, elevation; B, plan; C, assembled apparatus (semidiag tic) 

The conical vessel a is of glass blown with two openings 5, b, one for fluids the other for 
the indifferent electrode; and a third opening, c, for the passage of gas. Its upper surface is 
ground flat and on it rests a lid d of transparent plastic, held in position with two clips ¢; 
a third clip, removable, may be inserted in a slot in the lid. Through the lid two holes are 
drilled obliquely, directed towards the apex of the conical vessel. At the apex rests the'grid 7 
of glass fibres cemented to plastic ring. The grid is provided with lugs | by which it can 
be removed; it carries the slices. 

In C the slice chamber is seen supported on a microscope stage (m, the feet and stage of 
the microscope) in a beaker of water supplied by a pump from a thermostat tank. The fluid 
in the chamber is adjusted by a syringe s, and contains the indifferent electrode i; the 
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Recording of steady potentials. For recording, glass micropipettes measuring less than 0-5, in 
outside diameter and filled with 3m-KCl solution were used. The d.c. resistance of these electrodes 
ranged between 10 and 30 MQ. The micro-electrode was connected to the input grid of a cathode 
follower, which in turn was connected to a direct-coupled amplifier. A voltage-calibration signal 
was sent through the indifferent electrode, which was introduced into the flexible tubing connected 
to the apex of the slice chamber (or was attached to the temporalis muscles in the experiments 
in vivo, see below). The voltage calibration signal served also to indicate the resistance of the 
micro-electrode when a shunt resistor was interposed between the reference electrode and the input 
grid of the cathode-follower (Frank & Fuortes, 1955). The micro-electrode was attached to a micro- 
manipulator, and the initial contact of the micro-electrode tip with the tissue was observed under 
a binocular microscope. All the records were photographed with continuous moving film. Penetra- 
tion of a polarized element was signalled by a sudden shift of the recorded potential to negativity. 
Junctional potentials, developed at the tip of the micro-electrode (del Castillo & Katz, 1955: Adrian, 
1956), might have occurred after the electrode had penetrated the tissue. These potentials were 
not measured; but since they were usually accompanied by a change in the resistance of the 
micro-electrode (Li, Shy & Wells, 1957), records which showed change in micro-electrode resist- 
ance were discarded. Upon withdrawal of the micro-electrode, the steady potential returned to its 
original value, but if there was a difference which exceeded 5 mV the record was discarded. 

Steady potential measurements from cortex of the guinea-pig and cat in vivo. To appraise results 
with separated tissue, the following experiments were performed. The guinea-pigs were initially 
anaesthetized with ether. The trachea and the right jugular vein were cannulated and the animal 
was maintained at a surgical anaesthetic level with intermittent injections of thiopental sodium. 
The tracheal cannula was attached to a plexiglass chamber equipped with a flutter valve (Li et al. 
1957). After 20 min of positive-pressure artificial respiration with pure oxygen, continuous flow 
of oxygen into the plexiglass eet yer ee and the animal became unconscious without 
further administration of thi 1 sodi No respiratory movement of the animal was observed, 
yet there was no change in cardiac rhythm. Elimination of respiratory movement was found to 
be essential in recording potentials from cortical units with an intracellular micro-electrode, since 
any movement in reference to the recording electrode would rapidly cause an irreparable damage 
to the unit, especially when the cortical units were small. After this preparation the cortex of 
one hemisphere was exposed and the animal fixed on the mechanical stage of a binocular micro- 
scope. Recording of electrical potentials from the guinea-pig cortex was carried out in a manner 
similar to that for isolated brain slices. Measurements from the cat were obtained in experiments 
designed for other purposes. 


RESULTS 


Resting membrane potentials of liver, kidney and muscle 

incubated in the slice chamber 
With a slow insertion of the micro-electrode into a liver slice a steady 
negative potential was recorded. The potential remained stable during the 
travel of the micro-electrode for some tens of microns, then suddenly returned 
to the original value. As the micro-electrode was further advanced, a negative 
potential of similar magnitude was again recorded. The number of potential 
changes encountered on a single penetration of the micro-electrode was between 
3 and 6. If the micro-electrode was slowly withdrawn a similar phenomenon 
was observed. In no instance was there a spike potential characteristic of 
injury discharges commonly seen in experiments with excitable tissues. The 
measurements thus recorded are shown in Figs. 2A and B; cat and guinea-pig 
liver gave similar values. 
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When the liver slices were incubated in N,-CO, instead of O,-CO,, the 
steady potential rapidly dropped to half of its original size. If 0,-CO, was 
readministered after the tissue had been in N,-CO, from 10 to 20 min, the 
steady potential rose again. The response of the tissue to N,—CO, is shown in 
Fig. 2. 

Slices of kidney cortex also showed steady potentials which were negative 
in relation to the saline environment. Frequently the penetrating micro- 
electrode registered a steady potential for the greater part of its travel through 
the slice. Further, the tissue could not be satisfactorily explored to a depth of 


Steady potentials (—mvV) 


Fig. 2. Frequency polygons of steady potentials recorded from liver slices of guinea-pig (A) and 
cat (B). Values joined by dotted lines were obtained when the slices were incubated in 
N,-CO, for 12-20 min and those by solid lines were obtained after 0,-CO, was readmini- 
stered. From two guinea-pigs, four slices subjected to N,-CO, showed steady potentials 
ranging from -—7 to —2] mv with a mean value of - 15+4 (s.p.); in O,-CO, they measured 
between -27 and -—45 with a mean of -3646mV. From two cats, four slices gave 
15+1 mV (from -10 to and -3415 mV (from -15 to —45) respectively. 


more than 50 or 100u because at these depths changes in resistance of the 
micro-electrode tended to occur, and the magnitude of the negative potential 
increased progressively with the increase in extent and speed of the advance 
of the electrode. It was concluded that the micro-electrode had encountered 
an obstacle, such as fibrous tissue, since in these instances the micro-electrode 
_ frequently broke with a sudden decrease in its resistance to less than 1 MQ. 
The possibility of junctional potentials (del Castillo & Katz, 1955; Adrian, 
1956; Li e¢ al. 1957) at the micro-electrode tips was also considered and these 
measurements were discarded. The values of steady negative potentials 
recorded with micro-electrodes of unvaried resistance are shown in Fig. 3. 
From the gracilis anticus muscle of the guinea-pig steady potentials were 
recorded, occasionally with injury discharges which were not observed in the 
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liver and kidney. Stimulation of the motor nerve evoked action potentials 
which overshot the zero membrane potential by 15-40 mV. The steady 
potentials measured between —21 and —86mV with a mean value of 
—63+3 mV (s.D.), as shown in Fig. 3. 


Resting membrane potentials of cerebral cortical tissue 

Measurements in vivo. Experiments with cerebral cortex in vivo showed a 
wide distribution in negative steady potentials. Injury discharges were 
frequently observed. Spontaneous spike activity could be recorded with both 
extracellular and intracellular electrodes. A typical example of spontaneous 
spike discharges is illustrated in Fig. 4, which also shows the steady potential 
recorded from inside a cortical unit. 

Of 148 negative steady potentials recorded from the guinea-pig cortex none 
could be maintained for longer than 1 sec, and on forty-two occasions the onset 
of the steady potential was associated with rapid, repetitive spike discharges 
which apparently resulted from mechanical injury to the cell. In the cat, 
despite visible movement of the brain due to respiration, the steady potentials 
recorded with an intracellular micro-electrode could be maintained for much 
longer periods than those recorded from guinea-pigs, and injury discharges 
were less frequently observed. The short-lasting steady potentials recorded 
from the guinea-pig cortex are probably due to the small size of the cell bodies. 
It is known that the size of cortical neurones in small mammals is smaller than 
that of the larger mammals, although the number of neurones in a unit 
volume of cortical tissue is greater (Tower, 1954). The steady potential 
measurements from the cortex of these two species are shown by the frequency 
polygons of Figs. 5 and 6. | 

Measurements in vitro. In the experiments with isolated cortical tissue in 
the slice chamber, similar steady potentials were recorded with the penetrating 
electrode. When the micro-electrode first entered the tissue surface, as observed 
under the microscope, little or no change of potential was recorded, but as the 
electrode reached a depth of from 10 to 200p, an abrupt swing of the steady 
potential toward negativity was seen. If a uniform speed of some 2-10 j/sec 
of the penetrating micro-electrode was maintained, the potential remained 
relatively stable for distances which varied between 2 and 50, then abruptly 
reverted to its original value. If the micro-electrode was halted while it was 
registering a negative potential, this in some cases slowly receded. In many 
instances, little change occurred for as long as 5 min. If the micro-electrode 
registering a negative potential was gradually withdrawn, the potential at 
first remained steady and then abruptly receded to its original level. The 
number of potential changes encountered on a single insertion of the micro- 
electrode into a slice of cortex was between 1 and 11. In some instances, the 
electrode appeared to be within regions of negative potential for fully half the 
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Fig. 3. Frequency polygons of steady potentials recorded from slices of guinea-pig kidney (broken 
line) and skeletal muscle (solid line), incubated in O,-CO,. Three kidney slices from two 
animals were used; potentials ranged from -21 to -48 with a mean of -35+1 mV. 
Five muscles from five animals showed potentials ranging from - 21 to - 86 with a mean of 


6343 mV. 


Fig. 4. Spontaneous spike activity and resting membrane potential recorded from a single cortical 


neurone in the cat approximately 10 hr after intraperitoneal pentothal sodium anaesthesia. 
a, Diphasic spike discharges recorded with micro-electrode outside the cell; b, c and d, as 
the micro-electrode was further advanced the positive phase of the spikes became larger and 
as the electrode had entered the cell the negative phase of the spike disappeared, while there 
was a shift of the steady potential from 0 to — 44 mV. Voltage calibration in a, 2 mV; in }, 
c and d, 50 mV; time marker | msec. The thin lines in b, c and d represent zero membrane 
potential. In this and subsequent figures positivity is upwards. 
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distance travelled. A specific study has not been made of potentials recorded 
in tissue from different depths of the slice. However, in several instances, the 
tissue 0-35-0-7 mm beneath the cortical surface was sampled by cutting a 
second slice after removing the first. The second slice, with two cut surfaces, 
was also found to maintain potentials of the same order of magnitude as those 
recorded from the first slice. The steady potentials thus recorded are shown 
in Figs. 5 and 6. 
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Fig. 5. Frequency polygons of steady potentials recorded from guinea-pig cortex in vivo (two 
guinea-pigs) represented by dotted line; and in vitro (25 slices from fifteen guinea-pigs), by 
the solid line. The potential measurements in vivo ranged from -—12 to -95 with a mean 
of —- 42419 mV, while in vitro they were between - 5 and —93 with a mean of —- 29421 mV. 


Fig. 6. Frequency polygons of steady potentials recorded from cat cortex in vivo (four cats) 
represented by the dotted line; and in vitro (three slices from two cats), by the solid line. 
The potential measurements in vivo ranged from - 28 to - 90 with a mean of —- 62418 mV, 
while in vitro they were between -—5 and - 96 with a mean of -41+420 mV. 

In the control experiments with cortex in vivo, spontaneous spike dis- 
charges were often recorded with an extracellular or intracellular micro- 
electrode. With the cortical slices in the chamber no spontaneous spike activity 
was recorded. However, in 13 out of 305 instances, injury discharges were 
observed concomitant with the onset of the steady potential. In one experiment 
they were observed 24 hr after the slice was removed from the brain of the 
animal, as shown in Fig. 7. 

The injury discharges in response to mechanical irritation of the intracortical 
elements in the slice by the penetrating electrode prompted attempts at 
stimulation by application of electrical pulses. This was carried out through 
two siiver electrodes resting on the slice surface adjacent to the entry of the 
recording micro-electrode. However, no response was elicited by stimuli of 
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various intensities and frequencies. Application of a slowly rising current also 
failed to evoke a response. 

Metabolic factors. The cortical slices showed no response to electrical stimu- 
lation, but they were sensitive to a change in their metabolic conditions. 
Fifteen or 20 min after the omission of glucose from the saline in which the 
tissue was incubated, a slight reduction of the steady potential occurred. 
Addition of glucose to the saline resulted in an increase of the steady potential 
to its previous magnitude, as shown in Fig. 8. Partial replacement of the 


Fig. 7. Resting membrane potential and injury discharges recorded from guinea-pig cortical slice 
24 hr after removal from the brain. Voltage calibration, 50 mV, time 200 msec. 
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Fig. 8. Frequency polygons of steady potentials recorded from guinea-pig cortical slices incubated 
in saline lacking glucose (dotted line) and saline containing glucose (solid line); three slices 
from two animals in each case. 


sodium salts of the saline by potassium salts produced an effect on the steady 
potential which was even more apparent. Thus, small steady potentials 
recorded from slices in saline with high concentration of potassium salts 
(130 mm) increased after the tissue was rinsed and incubated in low-potassium 
salines. If the slices were placed in high-potassium saline for 6-10 min the 
steady potentials recorded from guinea-pig cortical slices were not greater than 
—18 mV, mostly below —15 mV. 

The effect of a change in the metabolic environment on the steady potentials 
was most readily observed when the experimental saline was equilibrated 
with N,—CO, instead of O,-CO,. The steady potentials became smaller and in 
10-15 min were no longer recordable from the slice. Supplying O0,-CO, 


4 
Th 
ca 
to 
glu 
Po 
dis 
con 
but 
q 
| 15 | by 
cor 
8 
of 
find 
va 
va 
| dan 
of 1 
sl 
its § 
cort 
he 
the 
| and 
ne 


RESTING POTENTIALS IN ISOLATED TISSUE 187 


mixture again in a few minutes resulted in a recovery of small steady potentials. 
This was found with seven slices (3 from 2 cate and 4 from 2 guinea-pigs). 
The largest steady potential recorded in N,-CO, was—13 mV (slice from a 
cat) and its mean value, —7 mV. Thus the cortical slices were more sensitive 
to anoxia than were liver slices (Fig. 2). 

The necessity for satisfactory metabolic conditions for the maintenance of 
steady potentials was also shown in experiments with thick slices. Slices of 
guinea-pig cortex were cut 0-9-1-0 mm thick and incubated in oxygenated 
glucose-salines together with others of the usual 0-3-0-4 mm thickness. 
Potentials recorded in the thick slices were small in magnitude, and in a given 
distance of travel of the micro-electrode were few. The thick slices presumably 
contained a greater proportion of structures which were undamaged by cutting, 
but this factor appeared to be of less importance than the limited access of 
oxygen or other substrates. 

DISCUSSION 
Although in the present study entry of the micro-electrode into tissue slices 
could readily be seen microscopically, its entry into individual cells (except 
in the muscle experiments) was not observed; however, there was little doubt 
that the discontinuity of the negative steady potential which was recorded 
by the penetrating micro-electrode indicated entry of the electrode into the 
cells. 

Since the magnitude of resting membrane potentials recorded from the 
cortex varies with the degree of damage to the cells by the penetrating 
micro-electrode (Li, 1955), the wide distribution of potential measurements 
obtained from cortical slices is to be expected. Assuming that a large number 
of nervous elements in the slices were cut at the dendritic shafts, and that only 
a few could escape amputation of their axonal processes, it is not surprising to 
find a wide range in the distribution of resting membrane potentials. The 
variation of potential measurements from cortical slices is greater than the 
variation of those recorded from the liver and kidney slices. This is apparently 
due to the fact that in the liver and kidney the cells do not have processes and 
damage to the individual elements within the slices was minimum. The variation 
of measurements from the gracilis anticus muscle might have been due to 
similar damage to the fibres when the muscle was dissected and removed from 
its attachments. 

The average thickness of the parietal cortex of the guinea-pig is about 
1-2 mm and of the cat 1-8 mm. The first slice obtained from this area of the 
cortex consisted of layers I and II and the upper portion of layer III. The 
nervous elements in the slice which would be expected to be encountered by 
the penetrating micro-electrode were largely the horizontal cells and the small 
and medium-sized pyramidal neurones. The axons and dendrites of these 
neurones are extremely small, the largest being less than 2 in diameter. It is 
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unlikely that, when a micro-electrode could be maintained in a position from 
which a negative steady potential was recorded for 1 min or longer, the 
micro-electrode was located inside a dendrite or an axon, although intracellular 
dendritic potentials were recordable from the Purkinje cells of the cerebellum 
(Granit & Phillips, 1956, 1957). 

The second slice obtained from the cortex after the first slice was cut con- 
sisted of cells in the lower portion of layer III, layer 1V and possibly a small 
portion of layer V. In layer IV are Golgi type II cells whose dendritic branches 
are known to be confined to the same layer. It is possible that in the second 
slice many of these cells were relatively undamaged and contributed to the 
steady potentials recorded with the intracellular electrodes. 

The question of whether the steady potentials from cortical slices were 
recorded from nerve cells or glial elements remains. On no occasions was it 
possible to evoke a response by depolarizing current or stimulating pulses. 
A similar observation was reported in experiments with intact animals (Li, 
1955; Phillips, 1956) in which some of the cortical elements showed large 
steady potentials but failed to respond to electrical stimuli. It is to be noted 
that from these cortical elements (Li, 1955) injury discharges were not 
recorded. In the present study injury discharges were recorded from slices of 
the cortex and muscle but not from the liver and kidney. A reasonable assump- 
tion is that the cells of the liver and kidney are inexcitable, whereas the muscle 
fibres and some of the cells in the cortical slices are excitable. 

Experiments with intact animals showed that the electrical activity of the 
cortex recorded with micro-electrodes (Li & Jasper, 1953) was extremely 
sensitive to a change in the general condition of the animal. A brief period of 
anoxia or a deepening of the anaesthesia would completely abolish the spike 
discharge, although the slow wave activity might not be affected by them. 
In the experiments with cortical tissue in the slice chamber, rhythmic slow 
wave activity has never been successfully demonstrated. 

It is concluded that although the neuronal elements in the slice could main- 
tain an intracellular steady potential, their electrical responsiveness depended 
upon factors which were not present in the isolated specimen. The potentials 
observed appear likely to represent the differential distribution of sodium and 
potassium salts between the tissue cells and the external fluids, a matter well 
documented in relation to excitable tissues in which the normal distribution 
and resting potentials are known to require oxygen (Keynes & Lewis, 1955). 
The data summarized by Leaf (1956) show maintenance of differential con- 
centrations of sodium, potassium and chloride ions in slices of liver, kidney and 
brain cortex prepared and maintained under conditions similar to those of 
the present experiments. Again, lack of oxygen diminished the concentration 
gradients. In cerebral tissues, lack of glucose also has this effect (Terner, 
Eggleston & Krebs, 1950). In the present experiments lack of glucose and 
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oxygen diminished the resting membrane potentials observed in the tissue. 
So also did high concentrations of potassium salts in the external mediunt, 
this representing an attempt to decrease directly the gradient in potassium 
ions. Correlation between the metabolic and electrical events in cerebral 
tissues is illustrated by the way in which these changes in glucose, oxygen 
and potassium salts now found to lower resting membrane potentials were 
previously known to deplete the phosphocreatine of the tissue and to prevent 
metabolic response by the tissue to applied electrical pulses (McIlwain, 1952; 
Gore & McIlwain, 1952). 

Many factors can be suggested as contributing to the failure to detect 
excitation in response to electrical stimulation, in cerebral slices during the 
present experiments. These include mechanical damage and the limited 
techniques at present employed. It is also to be emphasized that many 
additions to glucose salines are required to maintain the composition of such 
isolated tissues, at values observed in vivo (see McIlwain, Thomas & Bell, 
1956; Thomas, 1956). 

SUMMARY 

1. A chamber is described for maintaining slices of isolated mammalian 
tissues under good metabolic conditions while electrical observations are made. 

2. The resting membrane potential of the liver cells of the guinea-pig was 
found to be 36+6mYV (s.p.) and of the cat, 34+5mV. They were both 
reduced to approximately half by anoxia, and recovery was accomplished by 
restoring oxygen. The resting membrane potential of kidney cells was 35 + 2mV. 
Injury potentials were not encountered by the penetrating micro-electrode 
in slices of kidney and liver. 

3. The resting membrane potential recorded from cerebral cortical slices 
varied considerably, ranging from 1 to 91 mV in the guinea-pig and from 
15 to 93 mV in the cat. They were reduced by lack of glucose and also by 
replacing part of the sodium salts of the experimental saline by potassium 
salts. Anoxia also greatly diminished the resting membrane potential and this 
change was found to be reversible. Injury discharges were occasionally 
recorded from cortical slices. Spontaneous spike activity was not observed. 
Electrical stimulation failed to evoke a spike discharge from cortical slices. 


We are greatly indebted to Dr D. B. Tower for the facilities and organization which made this 
work possible; to Mr Saxton Howard and Miss Vera Douglas for assistance; and to Mr J. G. Platt — 
for help in preparing the slice chamber. H. McIlwain acknowledges with gratitude the tenure of 
a temporary appointment at the National Institute of Neurological Diseases and Blindness, 
Bethesda. 
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STUDIES ON THE THALAMIC RELAY FOR TASTE 
IN THE GOAT 


By B. ANDERSSON ann P. A. JEWELL* 
From the Department of Physiology, Kungl. Veterindrhégskolan, Stockholm 


(Received 26 June 1957) 


Patton, Ruch & Walker (1944) found that in the monkey bilateral electro- 
coagulations in the posterior thalamus can cause a marked diminution in the 
sense of taste, although it must be observed that the lesions were extensive 
and caused in addition a complex of other symptoms including motor disturb- 
ances. On the other hand, their experiments did reveal a parallelism between 
the degree to which the animals lacked taste discrimination and the amount 
of damage to the posteromedial ventral nucleus, indicating that a thalamic 
relay for the sensation of taste is located at this site. Anatomical support 
for this concept is provided by the observations of Allen (1923), Gerebtzoff 
(1939), and Walker (1939) that the ascending secondary taste pathways 
terminate in the ventromedial part of the thalamus, and, further, that ablation 
of the cortical taste area leads to a retrograde degeneration of cells especially 
in the posteromedial ventral nucleus (Gerebtzoff, 1941). 

So far no experiments seem to have been made in which the posteromedial 
ventral nucleus of the thalamus has been intentionally stimulated in the 
unanaesthetized animal, or in which this nucleus has been discretely destroyed. 
Hess (1948, 1949) has shown that electrical stimulation within a relatively 
large area of the ventral thalamus of the unanaesthetized cat causes licking 
automatisms and licking movements of varying types, often combined with 
chewing movements. Knowing that the sensory pathway from the lips and 
mouth projects to this part of the diencephalon he suggested that stimulation 
within this region of the brain stem had caused the animals to experience a 
sensation of stimulation from the mouth, which in turn forced them to exhibit 
a characteristic behaviour. 

The large size of the thalamus in the goat makes it a particularly suitable 
animal for investigations with the Hess technique, and for the more precise 
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exploration of the reactions of individual nuclei. The following experiments 
were undertaken with the main purpose of locating that part of the thalamus 
which when electrically stimulated causes obvious signs of sensory stimulation 
referred to the mouth. 

Experiments were also undertaken to study effects of discrete destruction 
of these structures. 

METHODS 

Seven female goats of varying age and weighing from 26 to 36 kg were used for the experiments. 
Hess’s technique (1932, 1949), somewhat modified for use in goats (Andersson, 1951), was employed. 
The parameters of stimulation were generally 0-5-1-5 V and 50 c/s. In two of the experiments 
the frequency of stimulation was occasionally lowered to 20 or 15 c/s. The characteristic behaviour 
of the animals during stimulation was filmed. When electrocoagulations were made bilaterally 
in the thalamus, they were performed via the stimulating electrodes centred at points which pre- 
viously had given the maximum positive response. 

When a strong-tasting solution (0-02m quinine HCl or 1% HCl) is squirted into the mouth of 
a normal goat it displays a characteristic rejection pattern of behaviour and this was compared 
with the behaviour of goats with thalamic lesions: In order to obtain a more objective indication 
of the diminished ability of the operated animals to taste, observations were made on their willing- 
ness to drink distasteful solutions before and after placing the lesions. The animals were kept 
without water for 2 or 3 days (but with free access to dry food and salt blocks) and then offered 
bitter, acid or salt solutions of varying strength. The maximum concentrations accepted were 
recorded. 

Histological technique and thalamic anatomy. After the animals had been killed their heads 
were perfused via the carotid artery first with Ringer’s solution and then with Bodian’s fixative. 
When fixed the brains were embedded in celloidin. Serial transverse sections, 50-100 » in thickness, 
were made through the thalamus, directed as far as possible parallel to the electrode tracks. The 
sections were stained with toluidin blue. 

In identifying and naming the thalamic nuclei in the goat we have been guided by the com- 
parative studies of Rioch (1929) on the dog, Rose (1942) on the sheep, and Solnitzky (1938) on 
the pig. 

RESULTS 
The ‘rejection threshold’ for distasteful solutions in normal goats 

After a period of dehydration the goat, like the camel (Schmidt-Nielsen, 
Schmidt-Nielsen, Houpt & Jarnum, 1956) was found to drink a considerable 
amount of water in one draught. When water was withheld for 2 days the goats 
drank from 2 to 3-5 1. of water (equal to 8-10% of the body weight) within 
5 min of its being offered. When dehydrated for 4-5 days these animals 
drank from 4 to 7-6 1. of water (equal to 15-20% of the body weight) within 
the same period of time. On the other hand, when (after 2 or 3 days of de- 
hydration) the goats were offered bitter, salt or acid solutions of varying 
strengths instead of water, it was found that all normal animals refused to 
accept solutions any stronger than 50 mg quinine/100 ml. water, 0-25°% HCl 
or 2-5% NaCl. On sipping a distasteful solution, or on having it squirted into 
the mouth, normal goats exhibited a characteristic ‘rejection’ response 
consisting of rapid licking and chewing accompanied by typical gaping 
movements of the jaw and protrusion of the tongue. 
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Electrical stimulation 

The stimulations were begun in the dorsal thalamus and the electrodes were 
then lowered stepwise until points were reached which evoked obvious signs 
of sensory stimulation referred to the mouth. As the electrode holder carried 
three electrodes, separated from each other by about 2 mm (see Andersson, 
1951) a fairly extensive area of the thalamus could be explored in each experi- 
ment. The typical rejection response, with its associated licking and chewing 
movements, was only seen when the stimulating electrodes were within a 
_ restricted area of the posterior and ventral part of the thalamus, in or adjacent 
to the posteromedial ventral nucleus. No such responses were observed when 
the electrodes were passed through the dorsomedial nucleus, and the response 
was also absent if the electrodes were located at an extreme medial position 
in the ventral thalamus or in the posterolateral ventral nucleus. (It should be 
noted, however, that licking alone or rhythmic chewing movements can be 
obtained by stimulation of other areas of the diencephalon in the goat.) 

The results are presented diagrammatically in Text-fig. 1, where the effective 
points of stimulation are shown projected on to drawings of three transverse 
sections through the posterior thalamus of the goat. The electrode tracks can 
readily be followed in the thick celloidin sections (see photomicrograph, Pl. 1, 
fig. 1) and the points of stimulation directly correlated with the anatomical 
location of the nuclei. It will be seen that the responsive points are strictly 
confined within the limits of the medial medullary lamina above and the 
external medullary lamina below. 

There was practically no latency between stimulation and the onset of the 
characteristic response. In some instances the licking and chewing movements 
were the most pronounced phenomena, with sensation possibly referred to the 
anterior buccal cavity. In other experiments, or with the electrodes in different 
positions, the animals apparently experienced distressing sensations further 
back in the mouth resulting in a rejection response associated with choking 
movements (Hess’s ‘Wiirgbewegungen’). If stimulation was continued for a 
long time the response faded away after 10-15 sec, reappearing periodically 
for progressively briefer periods, and becoming diminishingly less pronounced. 
This gradual fading off of the response was not affected by changing from 
continuous stimulation to intermittent stimulatory periods (of 5 or 10 sec 
duration with 0-5 or 1 sec intervals between). It was equally unaffected when 
the point of stimulation was alternated for 10 sec periods from electrodes 
implanted in one side of the thalamus to electrodes implanted in the other. 
There were, however, always some slight mouth movements for a few seconds 
after the end of stimulation, even if the current was switched off during one 
of the intervals when the animal was showing no response to the stimulation. 

If the animals were restrained in a stand and were restless then a response 
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to stimulation was more difficult to obtain. When later released the goats 
again promptly showed the usual effects. Stimulation at a lower frequency 
(15 or 20 c/s) caused the usual behaviour, but the strength of stimulation had 
now to be approximately doubled to initiate a response of an intensity similar 
to that obtained with 50 o/s. 


Text-fig. 1. Projection drawings of sections through the diencephalon of the goat to show the 
effective points of stimulation, summarized from the experiments on seven goats. 6, c, and 
d, transverse sections at the levels 1, 2 and 3 indicated in the sagittal section, a. 

A, licking and chewing; A, less pronounced licking and chewing; @, licking and chewing 
with rejection movements; [], rejection movements. CA, anterior commissure; CFD, 
descending column of the fornix; Ch, optic chiasma; CM, mamillary body; Ep, epiphysis; 
Hb, medial habenular nucleus; LME, external medullary lamina; MD, dorsomedial nucleus; 
Ped, cerebral peduncle; TMT, mamillo-thalamic tract; THP, habenulo-peduncular tract; 
VPL, posterolateral ventral nucleus; VPM, posteromedial ventral nucleus. 
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Electrocoagulations 

Bilateral electrocoagulations were placed in the thalamus of two goats at 
points giving the most marked ‘rejection’ response on stimulation. During a 
period of 2 months following the placement of the lesions one goat gave no 
evidence of possessing any sense of taste whatsoever. Thus, it no longer 
reacted in the characteristic manner to the squirting of quinine and HCl 
into the mouth, and when dehydrated it readily drank solutions of 300 mg 
quinine/100 ml., 1% HCland 10% NaCl. However, at the end of this period it 
began to refuse 1%, HCl although still accepting 0-5°% HCl. Subsequent histo- 
logical examination showed that the lesions in this animal were centrally 
placed in the posteromedial ventral nucleus of each side. Their extent can be 
seen in the photomicrograph of Pl. 1, fig. 2. The other goat accepted 100 mg 
quinine/100 ml. 5 days after the electrocoagulations, but 10 days later it showed 
clear signs of tasting the stronger solutions. In this animal the thalamic lesion 
on one side was found to be small. No other signs or disturbances of any kind 
could be detected in these animals as a result of the lesions. 


DISCUSSION 


The experiments reported above give further evidence of the localization of 
the thalamic relay for taste in the posteromedial ventral nucleus. Electrical 
stimulation of this nucleus in the goat elicits a response identical with that 
observed when the animals get a distasteful solution into the mouth. Further- 
more, discrete bilateral lesions which destroy this nucleus caused seemingly 
complete loss of taste. The fact that in one animal the ability to react to 
distasteful substances reappeared after two months might well be explained 
by a recovery of some function in the partially destroyed right posteromedial 
ventral nucleus (Pl. 1, fig. 2). This suggestion is reinforced by the observations 
on the second goat in which taste discrimination, whilst diminished, was not 
completely lost and in which the lesion on one side was small. 

There is no reason to believe that the licking-chewing movements and the 
rejection movements obtained by stimulation of the posteromedial ventral 
nucleus of the thalamus were due to the stimulation of a motor area concerned 
with movements of this kind. Apart from the well-established status of the 
ventral nucleus as a sensory relay station, a number of observations in our 
own experiments suggest the stimulation of a sensory pathway. Thus, re- 
straining the animals could abolish or diminish the effect, and a change of the 
frequency of stimulation did not change the frequency of the licking-chewing 
movements. The gradual abolition of the response during longer periods of 
stimulation and the presence of a slight ‘after effect’ seem also to be indicative 
of sensory phenomena. This disappearance and subsequent reappearance 
of an effect. which decreased in strength and in duration during prolonged 
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stimulation might indicate some kind of cortical adaptation to, and periodical 
inhibition of, the response to the intense inflow of sensory impulses. In this 
connexion itis interesting to note that cortical cells which respond to continuing 
touch of the tongue do so with bursts of impulses at high frequency which 
alternate with pauses in activity (Cohen, Landgren, Strém & Zotterman, 1957), 
although in this case the actual time relations are in terms of milliseconds 
rather than seconds. 

The taste ‘rejection thresholds’ determined in the present experiments 
were obtained by very crude tests, and no attempt was made to gain a more 
refined picture of the taste preferences of the goat. However, F. R. Bell 
(personal communication) has currently been carrying out such experiments 
in which goats have been given a free choice between water and one of various 
solutions. The goats did not distinguish, in the amounts of fluid drunk, 
between 1-0°% NaCl and water; they did show, however, a distinct aversion 
for 2-5°%, NaCl. Similarly, the animals began to show a dislike for quinine 
solutions at about the 50 mg/100 ml. level. In our experiments all normal 
goats when dehydrated refused to drink 2-5°% NaCl and 50 mg/100 ml. 
quinine, although some animals accepted weaker solutions. These figures 
thus accord well with the preference tests, despite the fact that the dehydrated 
goats must have been subject to a much stronger impulse to drink. 


SUMMARY 


1. Stimulation of the posteromedial ventral thalamic nucleus in the un- 
anaesthetized goat evokes licking, chewing and ‘rejection’ movements which 
suggest that the animal is experiencing an unpleasant taste. 

2. After bilateral ablation of this nucleus thirsty goats will readily drink 
previously distasteful solutions, and appear to have lost all sense of taste. 
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EXPLANATION OF PLATE 


Fig. 1. Transverse section through the diencephalon of a goat showing an electrode track; 
100 » thick, toluidin blue. Arrows mark two points of stimulation which elicited the rejection 
response. Stimulation dorsal to the upper arrow produced no response. Lettering as in 
Text-fig. 1. x 3-3. 


Fig. 2. Transverse section (anterior aspect) through the diencephalon of a goat to show the 
maximum extent of electrolytic lesions in the posteromedial ventral nuclei. The lesion on 
the animal’s left side (right half of figure) is small in the posteromedial ventral nucleus but 
extends into the dorsomedial nucleus. This goat showed a loss of all sense of taste for two 
months following the placement of the lesions. x 3-3. 
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THE INTERPRETATION OF SPIKE POTENTIALS 
OF MOTONEURONES 


By J. 8. COOMBS, D. R. CURTIS anv J. C. ECCLES 


From the Department of Physiology, Australian 
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(Received 1 July 1957) 


When an impulse is generated in a motoneurone by antidromic propagation of 
an impulse along the motor axon, there is invariably a two-stage invasion, 
there being with intracellular recording an initial ‘small-spike’ potential of 
30-40 mV, leading on after a slight delay to a ‘large-spike’ potential of 80— 
100 mV (Brock, Coombs & Eccles, 1951, 1952, 1953; Woodbury & Patton, 
1952; Araki, Otani & Furukawa, 1953; Araki & Otani, 1955; Eccles, 1955, 
1957; Coombs, Eccles & Fatt, 1955; Frank & Fuortes, 1955a, 1956; Fuortes, 
Frank & Becker, 1957 ; Fatt, 1957 a, 6). There has now been almost general agree- 
ment with the hypothesis originally proposed by Brock et al. (1951, 1952, 1953) 
that the initial small-spike is produced when the antidromic impulse invades the 
non-medullated segment of the axon and the axon hillock, which collectively 
may be termed the initial segment of the motor axon, while the large-spike is 
produced when the impulse propagates into the soma and dendrites of the 
motoneurone. However, this interpretation of the small- and large-spikes 
(the A and B spikes of Fuortes et al. (1957)) will not be adopted by the applica- 
tion of an appropriate nomenclature until it has been supported by the ex- 
periments described in the first section of the Results. 

It has now further been shown that, when an impulse is generated in a 
motoneurone by synaptic or direct stimulation, there is the same two-stage 
invasion as with antidromic activation, though the interval between the small- 
spike and the large-spike is much less than with antidromic invasion (Araki 
et al. 1953; Araki & Otani, 1955; Frank & Fuortes, 19556; Fuortes et al. 1957; 
Fatt, 19576; Eccles, 1957), and it is more difficult to block the impulse between 
the two stages. This closer coupling between the two stages of invasion accounts 
for the original statement (Brock et al. 1951, 1952) that the motoneuronal 
spikes initiated by synaptic and antidromic stimulation differed in that the 
former had a smooth rising phase, whereas with the latter there was a notch 
indicating a two-stage invasion. 
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The experimental investigations described below and in the next paper 
(Coombs, Curtis & Eccles, 1957) have been designed in order to test an hypo- 
thesis that relates to the manner in which impulses arise and propagate in 
motoneurones. Essentially the hypothesis states that the surface membranes 
of the initial segment and of the soma-dendritic component of a motoneurone 
differ in that the threshold depolarization for initiation of an impulse is much 
lower for the former (about 10 mV) than for the latter (about 20-30 mV). 
It further states that given this special postulate all the observations of spike 
potentials can be accounted for on the basis of the geometrical features of the 
motoneurone. This hypothesis is essentially that initially proposed by Araki 
& Otani (1955), but it differs from that of Fuortes et al. (1957), who postulate 
in addition a transitional zone between the low-threshold and the high- 
threshold membranes, and from Fatt (19575), who postulates that the small- 
spike potential arises in the soma membrane which generates a spike potential 
that is no larger than 30-40 mV. As described below, the present hypothesis 
has been subjected to several types of experimental test, and in the discussion 
it will be critically examined in the light of the available evidence. The inter- 
pretation of the spike responses of motoneurones is of special significance 
because it is a necessary preliminary to a study of the generation of impulses 
by synaptic excitation of motoneurones (cf. Coombs et al. 1957) and of other 
nerve cells. 


METHODS 


The experiments have been performed on over one hundred motoneurones lying in the L6-S1 
segments of the spinal cords of cats under pentobarbitone anaesthesia. The experimental pro- 
cedures have resembled those already described for intracellular investigation using single and 
double micro-electrodes (Coombs et al. 1955). Two additional procedures have also been employed. 
By means of an electrical differentiator it has been possible to achieve a finer analysis of the 
composite spike potentials (cf. Fatt, 19575). Compensation networks have been used to reproduce, 
for neutralizing purposes, the disturbing electrical artifacts generated during the application of 
current pulses for hyperpolarizing and depolarizing the nerve membranes (Coombs, Curtis & 
Eccles, 1956). The amplitudes of fast spikes shown in this paper have been attenuated to about 
the same degree as those reported by Brock et al. (1952), since no special precautions were taken 
to reduce the input capacitance of the recording system. 


RESULTS 
The antidromic spike potential with different sites of intracellular recording 
Since micro-electrodes are inserted into motoneurones without any possibility 
of controlled orientation thereto, it would be expected that the majority of 
penetrations would be into the relatively large target presented by the soma 
and the enlarged bases of the dendrites, i.e. to be intrasomatic, though oc- 
casionally it would be into the axon hillock or the motor axon. Some intra- 
cellular records from motor axons have already been illustrated (Coombs et al. 
1955, fig. 16; Eccles, 1955; Frank & Fuortes, 1955a, figs. 13, 14). They have 
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been identified by their similarity to monophasic records from ventral roots 
(Lloyd, 1951). 

In the mammalian motor axon a spike potential is followed by a very small 
after-hyperpolarization (Gasser & Grundfest, 1936; Gasser, 1939). This after- 
hyperpolarization is also negligible following the small-spike potential that is 
recorded in the soma when the large-spike is blocked (Coombs et al. 1955, 
fig. 14). Moreover, there are very few synaptic knobs on the initial segment of 
the motor axon (Hoff, 1932; Lorente de N6, 1938; Barr, 1939), hence the pro- 
duction of the excitatory post-synaptic potential (EPSP) would be negligible 
in that region. Thus, with intracellular records from motor axons, both these 
slow potentials would be observed only in so far as they are electrotonically 
propagated from the soma-dendritic region. 


msec 10 msec msec 


Fig. 1. Intracellular records of action potentials generated by antidromic impulses in a motor 
axon with a resting membrane potential of -68 mV. A-—H illustrate a series of double 
responses with progressive increase in stimulus interval from 0-85 to 3-3 msec, the control 
response to the second impulse alone being shown in /, along with time in msec. Stimuli are 
applied to L7 ventral root. Responses to a single impulse are also shown in J and K at slower 
speed and higher amplification in order to display after-depolarization and after-hyper- 
polarization. L is response to a brief tetanus at 680/sec. Same amplification in A—/ and L. 
Higher amplification as shown in J and K. All records formed by superposition of about 
twenty faint traces. 


When, as in Fig. 3D, the after-hyperpolarization or the EPSP is >1 mV, 
it may be assumed that the micro-electrode has penetrated the motor axon 
relatively close to the soma, e.g. at less than 1 mm, whereas the smaller after- 
hyperpolarization of Fig. 1 K (0-35 mV) indicates a more remote penetration, 
and the very small after-hyperpolarization in Fig. 2H (0-15 mV) a much more 
remote penetration. Under such circumstances the spike potential evoked by 
an antidromic impulse usually had the typical configuration of an axonal 
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spike (Figs. 11; 2.4, I) but occasionally, as in Fig. 3.4, a delayed spike poten- 
tial was superimposed on the declining phase of the axonal spike. Since the 
after-hyperpolarization was then relatively large, about 3 mV (Fig. 3D), it 
can be assumed that the motor axon had been penetrated relatively close to 
the soma. Furthermore, a second antidromic volley evoked only a simple 
axonal spike, even when the volley interval was as long as 6-5 msec (Fig. 3B). 
Similar observations have been reported by Frank & Fuortes (1955a). How- 
ever, care must be exercised to discriminate between such responses and the 


Fig. 2. A—H. Intracellular records of action potentials as in Fig. 1, but in a different experiment. 
The stimulus interval was progressively shortened from B until it was only 0-80 msec in F. 
The control response to a single impulse is shown in A along with time in msec, and in G and 
H which are at slower speed and higher amplification in order to display the after-potentials. 
I-L show responses to double stimulation of another motor axon at progressively briefer 
stimulus intervals. Intermittent blockage in K is assumed to be at a node, while in J an 
inflexion indicates delayed transmission at this region. All records formed by superposition 
of about twenty faint traces. 


msec 10 msec 


Fig. 3. Intracellular responses evoked by two impulses in the motor axon at intervals of 2-9 (A) 
and 6-5 (B) msec, C showing control response to second impulse alone, and D after-hyper- 
polarization at higher amplification and slower sweep speed, the spike trace being too faint to 
appear in the reproduction. Resting membrane potential, - 58 mV. Superposition of about 
twenty faint traces in D. 
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composite spike responses that occur with delay and blockage of transmission 
at the nodes of medullated axons. Such delay and blockage is illustrated for 
the early second impulses in Fig. 2J—L. It typically occurs during the rising 
phase and towards the summit of the spike potential. It might also be sug- 
gested that the recurrent discharge described by Renshaw (1941) would 
provide an alternative explanation of the secondary spikes on the declining 
phase of the main spikes in Figs. 1 F—-H and 34, B, C, but a spike arising in 
this way would be much later. It is never less than 0-8 msec after the initial 
impulse, whereas in Figs. 1 H and 3 the second spike appeared at an interval 
not longer than 0-5 msec. 

It may be concluded that, with varying intervals between the two anti- 
dromic impulses, the initial and later spikes (Figs. 1 A-H; 3A, B) exhibited 
the same behaviour as the small-spikes and large-spikes with intrasomatic 
recording (Fig. 4 F—J) (Brock et al. 1953; Frank & Fuortes, 1955a). In terms 
of the hypothesis outlined in the introduction, the difference in the relative 
sizes of the two spikes can be attributed to the different locations of the re- 
cording electrode. With its usual location in the soma, the initial spike would 
be small and the later spike large, while its occasional location in the axon 
close to the soma would cause the reversed size relationships. The series illus- 
trated in Fig. 1 may therefore be interpreted as the responses recorded with 
a micro-electrode more distally in the motor axon than with Fig. 3, a relative 
location already suggested by the respective after-hyperpolarizations. In the 
response to a single antidromic volley the later spike was concealed under the 
declining phase of the initial spike (Fig. 17), but was revealed when it was 
delayed in the responses evoked by a second antidromic volley at intervals 
ranging from 2-4 to 3-3 msec (Fig. 1 H—-H). With the still more distal recording 
in Fig. 2 A—H, testing by double volleys failed to reveal even a small later 
spike. 

The above interpretation of the spike potentials in Figs. 1 and 3 has been 
strikingly confirmed in one experiment where initially there was approximate 
equality of the two spikes set up by an antidromic impulse, as may be seen in 
the responses to the first antidromic impulse in Fig. 4A—-Z. With progressive 
lengthening of the test interval a second antidromic impulse evoked an initial 
spike of progressively increasing size and duration (Fig. 4A, B), then an initial 
spike with a small late addition (Fig. 4C’) and finally a double spike potential 
having a decreasing interval between the two spikes (0-7 msec in Fig. 4D to 
0-55 msec in Fig. 4). After the series of Fig. 4 A—E the micro-electrode spon- 
taneously left its intracellular position, but a very slight adjustment of the 
micromanipulator sufficed to insert it into approximately the same position 
(though probably a little nearer the soma), as shown by the series of Fig. 5. 
Thereafter cautious withdrawal of the micro-electrode by about 50yu caused 
the spike potentials to change to the configuration that is assumed to be 
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characteristic of an intrasomatic position (Fig. 4 F-J), there being meanwhile 
no detectable variation in the resting membrane potential. In order to facili- 
tate comparison, responses of the two series are arranged in pairs one below 
the other with approximately the same intervals between the two impulses. 
The initial spikes in Fig. 4 A—~Z may be identified as equivalent to the smalk 
spikes of Fig. 4 F—J, which with the former position of the recording electrode 
have approximately the same magnitude as the later spike. These responses 
may be satisfactorily explained by postulating that in Fig. 4 A—E the tip of 
the recording electrode was placed in the non-medullated motor-axon and that 
in Fig. 5 it was a little nearer the soma, while in Fig. 4 F—J it was in its usual 
intrasomatic position (cf. Fig. 20 A). 


Fig. 4. Intracellular responses evoked by impulses set up in a motor axon by the application of 
two stimuli at various intervals to the nerve of posterior biceps muscle. Resting membrane 
potential, —82 mV. There is evidence (see text) that in A—Z the tip of the micro-electrode 
was in the region of the initial segment of the axon, while in F-J it was withdrawn into the 
soma. Amplification, as shown, was lower for this second series. 


The intermediate type of spike potential shown in Fig. 5 very effectively 
illustrates the three components of the antidromic spike potential. In Fig. 5.4, 
B the second impulse generated a very small spike that can also be detected at 
the onset of all the other responses of Fig. 5. This spike has been attributed 
to the medullated axon and labelled the M spike (Brock et al. 1953; Coombs 
et al. 1955), but when recorded intra-somatically it was smaller than in Fig. 5. 
In Fig. 5C, D the second component was superimposed on the M spike, while 
in Fig. 5F all three components (the M spike plus the small-spike and large- 
spike) were evoked by the second antidromic impulse, Fig. 5# representing a 
transitional response. All three components were also demonstrated by obser- 
ving the antidromic response during a hyperpolarizing current. With sufficient 
hyperpolarization there was only the M spike (Fig. 5@). However, it was often 
impossible in this way to separate the small-spikes and large-spikes, as may be 
seen in Fig. 5H at a critical level of hyperpolarization. Presumably a sufficient 
fraction of the hyperpolarizing current could not be applied to the membrane 
generating the large-spike in order to give a differential blockage. 
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It will be observed in Fig. 5H, I that there was a considerable interval 
(almost 0-2 msec) between the onset of the M spike and the spike potential 
next in series. This value is abnormally long on account of the applied hyper- 
polarizing current, a more usual condition being illustrated in Fig. 6 A-F 
where the relative sizes of the three components of the spike potential and the 
large size of the after-hyperpolarization (the difference between potentials of 


Fig. 5. Intracellular responses in same motoneurone as in Fig. 4, but with a position that is 
assumed to be relatively closer to the soma than with series of Fig. 4 A-#. A—F show responses 
to two impulses at progressively increasing intervals. G—I are responses to a single impulse, 
transmission from the M spike being blocked or delayed by application of a hyperpolarizing 
current that was diminished in intensity from G—J. Same potential scale for all records, 
but faster sweep for G—Z. Upper time scale for A-—F. ee 
of about twenty faint traces. 


Fig. 6 F and G) also indicated that the micro-electrode tip was in the region of 
the axon hillock. In Fig. 6A the second antidromic volley evoked only an 
M spike, while in Fig 6B conditions were just critical for evoking a small- 
spike, which can be seen arising relatively late from the M spike, as also may 
be seen with the longer testing intervals of Fig. 6C and D. Even in the fast 
record of a single antidromic response (Fig. 6) the small-spike can be seen 
arising from the M spike about 0-1 msec from its onset. 

An initial M spike potential also occurred with intrasomatic records of the 
antidromic spike potential, though the M spike was always so small that high 
amplification and differentiation were required in order to reveal it. For ex- 
ample in Fig. 6H the small M spike can be seen preceding the main spike 
response by about 0-1 msec, and this interval was increased by the application 
of a hyperpolarizing current to the motoneurone, being as long as 0-26 msec 
(Fig. 67) under conditions just critical for blockage beyond the M spike (cf. 
Coombs et al. 1955, fig. 7). Contrariwise, it was decreased by a depolarizing 
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current, being only 0-06 msec in Fig. 6 K. The duration of the interval was also 
increased up to 0:2-0-3 msec when antidromic propagation was depressed by 
an immediately preceding antidromic impulse. 
The interpretation of the antidromic spike potential 
It has thus been confirmed that, when the antidromic spike potential is 


recorded by a micro-electrode in the soma of a motoneuroneor in the motor axon 
adjacent thereto, it has three components which represent three successive 


50 V/sec 

10 mV 


Fig. 6. A—D, intracellular responses evoked as in Fig. 4 by impulses that were set up in a motor 
axon by two stimuli applied to the nerve to lateral gastrocnemius muscle. Z—G, responses of 
same motoneurone to single stimuli and recorded at speeds and amplifications adjusted to 
show the spike potential (Z), the Renshaw inhibitory post-synaptic potential (@) evoked in 
response to a stimulus just below threshold for the motor axon, and the additional after- 
hyperpolarization (¥) occurring when this axon was excited. F and @ at same speed and 
amplification. Resting membrane potential, -78 mV. All records formed by superposition 
of about twenty faint traces. H-K, intracellular response of another motoneurone to an 
impulse set up in its motor axon by a stimulus applied to the L7 ventral root, and recorded 
as shown at high amplification and fast speed in order to reveal the initial M spike. The upper 
trace in each record was produced by electrical differentiation of the potential record shown 
in the lower trace, the appropriate scale being given in V/sec. Arrows signal origin of the 
main spike potential from the M spike. A conditioning current through the other barrel of 
the double micro-electrode was commenced several milliseconds before J—K, being hyper- 
polarizing at 6 x 10-* A and 8 x 10-* A in J and J and depolarizing at 6 x 10-* A in K. The 
trace below the two records of J is a differentiated record of the M spike that was alone 


produced when hyperpolarizing current was 10 x 10-* A. 
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stages of invasion. When antidromic transmission is depressed either by an 
initial conditioning antidromic volley or by hyperpolarization of the moto- 


neurone, blockage may occur at either of the two transitional regions between _ : 


the components, but is not normally a prominent feature within one of the 
components, i.e. each responds virtually in an all-or-nothing manner. It has 
further been shown (cf. Fig. 4) that the component which gives the small-spike 
potential of about 30 mV with intrasomatic recording has a spike potential of 
as much as 80 mV when the intracellular electrode is displaced to a position 
that is assumed to be in the axon hillock (Fig. 4 A—Z) or is actually within the 
motor axon (cf. Figs. 1 and 3; cf. Frank & Fuortes, 1955a). It is therefore no 
longer possible to hold (cf. Fatt, 1957, 6) that the small-spike potential arises 
in the surface membrane of the soma, which was postulated to be incapable of 
giving larger spikes than 30 mV. 

Fatt (1957a) based this identification primarily on the magnitude of the 
current which was flowing into the active membrane during the rising phase 
of the small-spike, and which on the basis of the extracellular potential fields 
produced by a single motoneurone was calculated to be as large as 0-2-0°3 pA. 
He argued that such a large current requires that the active membrane 
generating the small-spike must be very extensive and hence that it must be 
the soma membrane of the motoneurone. Since the spike potential produced 
by this membrane would be very effectively recorded by an intracellular micro- 
electrode, which is assumed usually to have an intrasomatic location (cf. 
Fig. 4 F-J), Fatt was led to conclude that the small-spike (about 30 mV) 
so recorded was actually the full spike response of the soma membrane, while 
the large-spike was produced by the dendrites. Implicit in this conclusion 
was an improbable assumption; namely that, though the soma membrane 
was capable of generating a spike of only 30 mV by its own activity, immedi- 
ately afterwards, during the large-spike, it was passively depolarized to as 
much as 90 mV by currents flowing from it into the active dendritic regions. 
Hence, both on experimental and theoretical grounds, it is necessary to re- 
consider the original postulate of Brock et al. (1952, 1953) in order to deter- 
mine if its rejection was justifiable on the grounds that it could not account for 
the large current flowing during the small-spike. 

When considering the pathway traversed by the antidromic impulse, it has 
been pointed out (Brock et al. 1953; Eccles, 1955) that the safety factor for 
transmission would be particularly low at two sites: at the transition from the 
medullated to the non-medullated axon; and at the large expansion of the 
surface membrane that occurs as the axon flares out to the soma-dendritic 
membrane. It has therefore been postulated (Brock et al. 1953; Eccles, 1955) 
that these two likely sites of blockage separate the three components of the 
antidromic spike potential. The very small initial spike (cf. Figs. 5, 6) would 
arise in the most proximal nodes of the medullated axon, and hence has been 
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called the M spike. The small-spike of about 30 mV with intrasomatic record- 
ing would be produced by activity of the non-medullated axon and the axon 
hillock, which collectively may be called the initial segment of the axon or 
just the ‘initial segment’. In Fig. 7A the postulated boundary between the 
initial segment, IS, and the soma is indicated in a tracing of a photomicro- 
graph of a motoneurone. 


The current flowing during the small-spike can be estimated by a different method from that 
employed by Fatt (1957a). The small-spike potential is recorded extracellularly as a negative 
defiexion rarely larger than 1 mV. It is reversed in sign and greatly increased in magnitude when 
the micro-electrode penetrates the soma membrane (cf. Fatt, 1957, fig. 9); hence, during the 
small-spike, the soma membrane suffers a potential change which is a little larger than that 
recorded intracellularly. Since the rate of change of potential can be measured, as for example in 
the differentiated records of Figs. 9, 10, the current causing this change could be calculated if the 
membrane capacity were known. The effective capacity of the soma-dendritic membrane for 
currents of long duration has been estimated from the time constant and resistance of the 
membrane, an average being 3 x 10-* F (Coombs, Curtis & Eccles, unpublished observations; 
Eccles, 1957). This value is derived for relatively long pulses, but there would be a much steeper 
electrotonic decrement along the dendrites during the very brief rising phase of the small-spike, 
i.e. the current would in effect be applied to a smaller area of membrane. Under such conditions 
the effective membrane capacity is probably as small as 1-5 x 10-* F. The small-spike, as intra- 
somatically recorded, usually has a maximum rising slope approximating to 100 V/sec (Figs. 9, 
10; Fatt, 19570, figs. 1, 2); hence the current that is depolarizing the soma and that is assumed 
to be flowing in through the membrane of the activated initial segment would be about 1-5 x 10-7 A, 
which is of the same order as the value of 2-3 x 10-’ A estimated by Fatt (19574). The area of 
the membrane covering the initial segment, as hatched in Fig. 7A, may be estimated as m times 
the sectional area shown in Fig. 7A, and is about 1-5 x 10-* cm*, when an allowance of 10% is 
made for shrinkage of the histological preparation. Thus the current density across the surface 
membrane of the initial segment would be 10 mA/cm*. 

Though this value is almost ten times larger than the value for giant axons (Hodgkin & Huxley, 
1952) and also is larger than the membrane current of muscle fibres (Nastuk & Hodgkin, 1950; 
Fatt & Katz, 1951), it is within the range of 10-20 mA/cm* estimated for the nodal membrane 
of frog nerve fibres (Huxley & Stampfli, 1949; Stampfli, 1952; I. Tasaki, personal communica- 
tion, gives the value as 10 mA/cm*). The membranes of the initial segment and of the nodes are 
similar in respect of their after-potentials (Coombs et al. 1955); hence it is not unreasonable to 
postulate that the membrane of the initial segment can pass a current of the same high density 
as that passed by the nodal membrane, which would be adequate to account for the production 
of the small-spike, as originally proposed by Brock et al. (1953), particularly if allowance be made 
for the presumed higher activity of the mammalian membrane at 37° C. 

Fatt (1957) has given singularly detailed illustrations of the potential fields produced by 
antidromic invasion of a single motoneurone, and has shown that they conform essentially to the 
closed-field pattern described by Lorente de N6 for the hypoglossal (1947) and oculomotor moto- 
neurones (1953). From Fatt’s records of the response of a single motoneurone it is possible in 
addition to plot a potential-field diagram (Fig. 7 B) running transversely and somewhat obliquely 
through the spinal cord and passing through or close to the principal features of interest. The 
potential field of Fig. 7B is measured 0-5 msec after the onset of the negative potential field and 
gives the situation at the peak of the current associated with the small-spike potential. It will 
be seen that during the small-spike the peak of the extracellular negativity was about 504 on the 
axonal side of the eventual penetration of the soma (indicated by the large open circle with oblique 
cross), the direction of the axon being indicated by the site for recording the spike potential at the 
first node (large solid circle to extreme right). ee 
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the present hypothesis that the small-spike is generated in the initial segment of the motor axon, 
and particularly by the axon hillock. The location of the axonal component of the initial segment 
between the open and filled circles was further indicated by the early origin and steeper rise of the 
initial negative field potential in records taken at co-ordinates 0-5:0-35 and 0-5:0-4 but 0-1 mm 
more caudal (Fatt, 1957a). The suggested relationship of the motoneurone to the various tracks 
is best shown with a horizontal section (Fig. 7C) through the spinal cord at depth of 0-375 mm, 
all the interesting features relating to the small-spike potential being recorded at depths of 
0-35-0-4 mm (Fatt, 1957, figs. 2-9). Each track is marked with a number giving the corre- 
sponding figure in Fatt’s paper (1957a), and the oblique line of the section employed in Fig. 7 B 
is also drawn. It can be concluded that Fatt’s remarkably detailed investigations of the potential 
field around this motoneurone are consistent with the present interpretation that activity of the 
initial segment generates the small-spike potential. The largest extracellular potential just short 
of penetration of the soma in track 9 was less than half of the maximum recorded in track 8, 
which was 50» towards the axon, and therefore close to the axon hillock as suggested in Fig. 7C. 
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Fig. 7. A: tracing of a micro-photograph of a motoneurone showing the non-medullated axon 
arising from the axon hillock and assuming a myelin sheath after about 80,. The initial 
segment (axon hillock plus non-medullated segment) is hatched in and labelled IS. B: the 
figure lies in a plane crossing the spinal cord from caudo-lateral (left) to rostro-medial (right), 
as indicated by the oblique broken line in C, the millimetre scales being measured from 
arbitrarily chosen zeros and indicated by the co-ordinates of C that are shown above and 
below the abscissal line of B. Each number gives the negative extracellular potentials in 
mV relative to an indifferent earth electrode and recorded 0-5 msec after their onset, being 
generated in the spinal cord by a single antidromic impulse in a motor axon. This figure is 
compiled from measurements of figures published by Fatt (1957a). The dots indicate the 
position of the micro-electrode tip and also the decimal point for the voltage recorded at that 
position. The contour lines are drawn approximately at voltage levels of —0-3, -0-6, 
-0-9 mV, etc. Further description in text. C: the figure lies in a plane at right angles to 
that of B and at depth 0-375 mm. The various electrode tracks are normal to this plane, being 
shown by dots with identification numbers corresponding to the figure numbers of Fatt’s 
(19574) paper. The ringed dots show the position of the tracks specified in B. The suggested 
orientation of the motoneurone to the tracks is indicated by the broken line. 
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Since it is now justifiable to ascribe the production of the small-spike to an 
active response of the initial segment of the axon, it is proposed (cf. Eccles, 
1957) to call it the IS spike rather than continue to use the original name of 
NM spike. The large-spike of 80-100 mV would be produced by the soma- 
dendrite membrane when the antidromic impulse invades the soma and the 
adjacent dendrites, and is therefore called the SD spike. 

The low safety factor for transmission between the successive components 
is also indicated by the delay that occurs on antidromic propagation across 
each transitional region. With M-IS transmission there is usually an interval 
of 0-05-0-1 msec between the onset of the M and IS spikes (Fig. 62, H), 
though it may be lengthened to more than 0-2 msec (Figs. 5H, I; 6J) under 
conditions just critical for transmission. The interval for IS-SD transmission 
is always longer (cf. Figs. 4, 5, 6). 

In their investigations on the antidromic invasion of toad motoneurones 
Araki et al. (1953) have also found indications of three components of the spike 
potential. Evidence for axon-soma blockage of antidromic impulses has been 
given by Crain (1956, fig. 8) with intracellular recording from chick spinal 
ganglion cells grown in tissue culture. A single stimulus evoked a spike poten- 
tial with an inflexion on the rising phase, just as with IS-SD transmission in 
motoneurones, and an early second stimulus evoked a small spike very closely 
resembling the IS spike of motoneurones. 


The time course of the IS spike potential 

The most reliable records of the IS spike potential are obtained in response 
to an antidromic impulse when axon-soma blockage is occurring normally, as 
in Figs. 16, 18J (cf. Brock et al. 1953, fig. 3; Fatt, 19574, fig. 12C) or is induced 
by a background hyperpolarization (cf. Coombs et al. 1955, fig. 7, at —82 mV). 
Relatively undistorted records are also obtained when axon-soma blockage is 
brought about by a preceding antidromic impulse as in Fig. 4/7, G, H. The 
IS spike potential, as thus recorded in the soma, is characterized by a rapid 
rise and decline, occupying usually less than 1 msec, with thereafter a much 
slower decline over several milliseconds. 

If the IS spike potential as recorded in the soma were due shiats to the 
brief depolarizing currents flowing from the soma into the activated IS mem- 
brane, it would be expected to decay with a time course comparable with that 
produced by applying a similar brief depolarizing pulse through the intracel- 
lular electrode. However, there is initially a much more rapid decay of the IS 
spike. For example in Fig. 8.4, when the brief pulse failed to evoke an IS spike, 
the depolarization produced by it initially decayed with a half-time of about 
1-0 msec, whereas the half-time for decline of the superimposed IS spike was 
as short as 0-25 msec. After 2-3 msec, however, the rate of decline of the super- 
imposed IS spike had fallen almost to that of the depolarization (Fig. 8B). 
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It can be concluded that during this period the IS membrane provides 
a repolarizing current to the soma membrane. The production of this 
repolarizing current is illustrated in Fig. 8 D-F, which shows superimposed 
tracings of IS spikes from the two types of records illustrated in Fig. 4. It is 


sor 


0 1 msec 2 1 msec 2 0 1 msec 2 

Fig. 8. A, B: intracellular response of an anterior biceps motoneurone to a brief depolarizing 
pulse (1-35 msec) that was just at threshold for evoking a spike potential (an IS spike). The 
spike was initiated only in about half of the forty superimposed traces. A is at low amplifica- 
tion and fast speed, while the terminal phases of the two types of response are shown in B at 
higher amplification and slower speed as indicated. Current pulse was applied through the 
other barrel of a double micro-electrode, capacitive artifacts being virtually eliminated by 
the compensatory circuit. Resting membrane potential, -65 mV. C-—F: tracings of IS 
spike responses evoked by the second impulse from the series partly illustrated in Fig. 4. 
D-F show superimposed traces from the A—Z and F-J series of Fig. 4 for stimulus intervals 
of 1-65, 1-96 and 2-05 msec. The large potential gives the time course of the spike response of 
the IS membrane (the A—Z series) while the small potential shows the potential that would be 
simultaneously recorded across the soma membrane (the F—J series). In F the broken line 
shows the SD spike at the longest IS-SD interval (cf. Fig. 4). C shows series of responses 
with various gradations of local responses (of. Fig. 4C) the micro-electrode being in the same 
position as for Figs. 4 A—Z and stimulus interval 1-98 msec. Further description in text. 


ag 


Bee & 


& 


4 A Cc 
> 

7 msec 40 

20 

0 1 msec 2 
80 
4 E F 
D 

60 

4 E 40 

j | 

i 


ae @ 


SPIKE POTENTIALS OF MOTONEURONES 211 


evident that the very rapid repolarization of the IS membrane causes it to 
become more polarized than the soma membrane, and hence there would be 
reversal of the current flow between them. About 2 msec after the onset of 
the IS spike the potential difference between soma and IS membrane is con- 
siderably diminished (Fig. 8 D-F); hence the rate of decay of the IS spike 
recorded in the soma would then be expected to approximate more closely to 
that observed at a similar interval after the application of a brief depolar- 
izing pulse, i.e. to be more in accord with the electric time constant of the 
membrane. The experimental observations (cf. Fig. 8.4, B) conform with these 
expectations. The maximum potential difference driving the cur- 
rents was 11-15 mV in Fig. 8 D-F. 

When conditions are just critical for IS-SD blockage, it has been reported 
that local SD responses are superimposed late on the IS spike potential 
(Coombs et al. 1955). With the usual position of the micro-electrode in the 
soma these local responses appear as a delayed decline of the IS spike. With 
intracellular recording from the axon hillock area, as in Figs. 4C, 5Z, the local 
response is seen a8 a wave on the declining phase of the IS spike. There is a 
considerable range of variability of such local responses, as may be seen in the 
superimposed tracings of Fig. 8C, which were observed at a test interval of 
1-98 msec just after the series illustrated in Fig. 4 A-Z. At such a test interval 
there was occasionally a full SD spike response, and also apparently an IS spike 
with no addition of a local SD spike potential, as illustrated by the lowest 
tracing of Fig. 8C. Five intermediate responses are shown. These responses 
had the same latency as the full SD spike and differed from it only in their 
rather briefer duration; hence there can be little doubt about their identifica- 
tion as local 8D responses. 

It is of interest that, when there is axon-soma blockage of an antidromic impulse in crustacean 
stretch receptor cells, there is a rapid depolarization of the soma membrane just as with the rising 
phase of the IS spike of motoneurones (Eyzaguirre & Kuffler, 1955). Often, however, there is no 
initial rapid phase of repolarization, but rather a slow decay with a time constant as long as 
20 msec. Evidently under such conditions no significant repolarizing current is provided from the 
axon, perhaps because the axonal spike is itself followed by a large after-depolarization. A similar 
slow decay of a blocked antidromic spike potential was found by Araki et al. (1953) for toad 
motoneurones. | 

Fig. 8D—F also allows an estimate to be made of the intensity and time course of currents 
depolarizing the soma so that the IS spike potential is recorded from it. The difference between 
the two potential curves rose initially to as much as 55 mV, which would be the potential driving 
the initial depolarizing current. This current reached its maximum within 0-15 msec of its onset, 
which is in good agreement with Fatt’s (19574) observation that, as indicated by the extracellular 
field potential, the depolarizing current reached 90% of its maximum in 0-1 msec. 


Spike potentials evoked by orthodromic and direct stimulation 
In confirmation of Araki e¢ al. (1953), Araki & Otani (1955), Frank & Fuortes, 
(19555), Fuorteset al. (1957) and Fatt (1957 b), the intrasomatic spike potentials 
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evoked by both orthodromic (monosynaptic) and direct stimulation by a 
depolarizing current pulse were always composed of an initial small-spike and 
a later large-spike. Figs. 9 and 10 show typically that these two spikes are 
indistinguishable from the IS and SD components of the antidromic spike 
potential, the electrically differentiated records allowing a particularly effec- 
tive comparison to be made. Since all the experimental observations described 
later in this paper are also in accord with this identification, the small-spikes 
and large-spikes of the orthodromic and direct responses may also be assumed 
to arise in the initial segment and in the soma-dendritic regions respectively 
and will likewise be called IS and SD spikes. However, with both orthodromic 
and direct stimulation, the SD spike always occurs relatively earlier than is 


Fig. 9. Spike potentials evoked in a gastrocnemius motoneurone with a resting membrane 
potential of -70 mV, by three different modes of stimulation; A, antidromic; B, mono- 
synaptic by an afferent volley from gastrocnemius-soleus nerve; C, by a depolarizing pulse 
through one barrel of a double micro-electrode. Upper traces give membrane potentials 
and lower traces the electrically differentiated records of these potentials, appropriate 
scales being given. The capacitive artifacts associated with the depolarizing pulse in C have 
been largely eliminated by the compensatory circuit. In H-J the depolarizing pulse was 
progressively decreased in intensity. Note that, as in C, the compensatory circuit was 
employed to minimize the artifact due to capacitive coupling between the two barrels of the 
double micro-electrode. 
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the case with the antidromic spike potential. This relationship is best measured 
as the time between the origins of the IS and SD spikes, the IS-SD interval, 
which in Fig. 9A is 0-26 msec for the antidromic spike as against 0-14 and 
0-15 msec for the orthodromic and direct spikes respectively (Fig. 9 B, C). 
The IS-SD interval has been usually 0-25-0-5 msec for the antidromic spike 
potential (cf. Figs. 4-5) and 0-14-0-25 msec for spikes evoked by orthodromic 
or direct stimulation. When the IS-SD interval is very brief, as in Fig. 9B, 
it is difficult to detect the IS component except in the differentiated record, 
which accounts for it being overlooked in early investigations (Brock et al. 
1952, 1953). When acting on a normal unconditioned motoneurone, it is very 
rare for orthodromic and direct stimulation to evoke just an IS spike potential 
(compare Fig. 8A with Figs. 9 D-J, 11 D) (Fatt, 19576), which is in contrast 
to the not infrequent failure of an antidromic IS spike to generate an SD spike 
(cf. Figs. 16, 18 7). 

The relatively longer duration of the IS—SD interval with the antidromic 
spike could possibly be attributed to the weaker excitatory action of the anti- 
dromic impulse, which would also be indicated by the not infrequent blockage 
of antidromic IS-SD transmission. It was therefore of interest to investigate 
the effect of varying the intensity of synaptic and direct stimulation. 

In the series illustrated in Fig. 4 A—D of the immediately following paper 
(Coombs et al. 1957) the size of the monosynaptic stimulation was progres- 
sively increased so that the EPSP was large enough to generate an impulse 
with a latency shortening from 1-3 to 0-65 msec in B to D. Correspondingly 
the differentiated records reveal that there was a slight shortening of the 
IS-SD delay. The more steeply rising EPSP in D would more effectively aid 
the IS spike potential in generating an SD spike. Similarly, in the series of 
Fig. 11 J-M of the same paper (Coombs et al. 1957), when the size of the 
EPSP was increased by post-activation potentiation, the EPSP became large 
enough to generate a spike discharge in K—M and the IS-SD delay was a little 
shorter with the maximum potentiation in K than during the declining 
potentiation in Z and M. Occasionally it is possible to evoke an impulse in a 
motoneurone by two different monosynaptic pathways. Usually the homony- 
mous volley sets up a much larger EPSP than the heteronymous (Kccles, 
Eccles & Lundberg, 1957), and correspondingly the IS-SD interval is shorter 
than with the heteronymously evoked spike, as may be seen by comparing the 
differentiated records of Fig. 10C, D with those of Fig. 10#, F. However, the 
IS-SD interval of the antidromic spike potential (Fig. 10 A, B) was still much 
longer than that for the heteronymous spike potential. 

When the motoneuronal spike potential was evoked by direct stimulation 
with a rectangular current pulse, it was also found that weakening the stimulus 
to the critical strength for evoking a response did not significantly lengthen 
the IS-SD interval towards the value obtaining for the antidromic spike 
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(cf. Fatt, 19576). For example, in the series Fig. 9 H-J, the IS-SD interval 
was lengthened only from 0-14 to 0-15 msec, whereas it was as long as 0-26 msec 
for the antidromic spike potential of this motoneurone (Fig. 9A), It might be 
suggested that the brevity of the IS-SD interval is attributable to the con- 
tinued action of the depolarizing current. However, brief IS-SD intervals were 
also observed with spike potentials generated by depolarizing pulses that 
ceased as soon as the IS spike was initiated (cf. Fig. 16 A). 


of —53 mV and recorded as in Fig. 9. A, B, antidromic activation; maximum monosynaptic 
activation by volleys from lateral gast jus-soleus nerve in C, D, and from medial 
gastrocnemius nerve in £, F. 


Thus antidromic stimulation must differ from direct and orthodromic stimu- 
lation in regard to some factor other than strength of stimulation. It has been 
suggested by Fatt (19576) and by Fuortes et al. (1957) that both the ortho- 
dromic and direct stimulation differ in that they provide a background de- 
polarization of the SD membrane which continues to operate during the IS 
spike, and which consequently accelerates the SD invasion, whereas the anti- 
dromic IS spike is not thus aided. This explanation is strongly supported by 
the invariable finding that the IS-SD interval of the antidromic spike is 
greatly shortened when it is superimposed on a background depolarization 
provided either by a direct current (Coombs e¢ al. 1955, fig. 7) or by an EPSP. 
It should also be pointed out that the over-all membrane depolarization 
produced by brief pulses, as in Fig. 16.A, will continue for several milliseconds 
(cf. Fig. 8A, B); for it will decay exponentially with the time constant of the 
motoneuronal membrane, which usually is 2-3 msec in duration (Coombs 
et al. 1956). The above explanation can be further tested by experiments 
designed to neutralize the background depolarization produced by the pro- 
cedures of orthodromic and direct stimulation. 
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Fatt (1957) drew attention to the two-stage decline of the SD spike potential, as indicated by 
the double trough of the corresponding (downward) phase of the differentiated records (cf. 
Figs. 9, 10). He regarded this two-stage decline as being the counterpart of the two-stage rise, 
i.e. of the IS and SD contribution to the composite spike potential. On this interpretation it would 
be expected that increase of the IS-SD interval for the rising phase would be accompanied by 
a corresponding increase in the interval between the two stages in the declining phase. Such a 
correlation is not demonstrable either in Fatt’s records or in those of Figs. 9 and 10, though, when 
the IS-SD delay was greatly lengthened, there was a slowing of the declining phase of the SD spike, 
which is attributable to its reduction in size under such conditions. Apparently the SD spike 
potential has itself a two-stage decay. 


Blockage of IS—SD transmission by a hyperpolarizing current 

It has been reported above that, with orthodromic and direct stimulation of 
a normal unconditioned motoneurone, the IS spike potential almost always 
led on to an 8D spike, which contrasts with the blockage not infrequently 
observed with the antidromic spike. This closer coupling of the IS-SD com- 
ponents is explicable by the background depolarization that has been pre- 
sumed to explain the briefer IS-SD interval. The effect of this background 
depolarization should be neutralized if a sufficient hyperpolarizing current were 
directly applied to the motoneurone immediately after the IS spike was 

In Fig. 114 a brief depolarizing pulse evoked a spike potential of about 
72 mV. When a hyperpolarizing pulse immediately followed the depolar- 
izing pulse, the response was reduced to a small-spike potential of about 28 mV 
(Fig. 11.B), which was evoked in an all-or-nothing manner when conditions 
were just critical for its production (Fig. 11C). Testing by a subsequent anti- 
dromic volley (Fig. 11 H—-G@) provided evidence that this small-spike was in- 
deed an IS spike potential. For example, when the hyperpolarizing pulse 
failed to suppress the large spike, the antidromic response 3°3 msec later was 
depressed to an IS spike (Fig. 11 #). A considerable increase in the hyperpolar- 
izing pulse (Fig. 11@) caused suppression of the large spike and the testing 
antidromic spike now resembled the control (H) in having the typical IS-SD 
configuration. A hyperpolarizing pulse of intermediate size (Fig. 117’) was 
just critical for the suppression, there being either the large spike potential 
or only the small spike, and correspondingly the antidromic test evoked 
either an IS or an IS-SD spike. It will be noticed in Fig. 11 that under such 
conditions a depolarizing pulse sometimes evoked a spike potential with very 
long IS-SD delays, even longer than for the testing antidromic spike potential 
in Fig. 11F, G@. 

The series of Fig. 12 resembles that of Fig. 11, except that two testing anti- 
dromic stimuli were employed, the control responses being shown in A and B. 
The first antidromic stimulus was applied to the ventral root so early that it 
failed to generate an IS spike potential of the motoneurone (cf. Fig. 12() if the 
initial depolarizing pulse had already induced a spike response of the moto- 
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Fig. 11. Intracellul ev a 


of various combinations of current pulece, whose intensity-time courses are given in the 
lowest traces of each record, depolarizing currents being shown upwards. Resting membrane 
potential, -50 mV. In D the current pulse was just threshold, evoking an IS-SD spike or 
nothing. In Z-G a later antidromic impulse was employed in order to test the excitability of 
the motoneurone, H giving the control antidromic response. Potential and time scales apply 
to all records. Further description in text. All records are formed by the superposition of 
about twenty faint traces. 


various combinations of depolarizing and hyperpolarizing pulses with times and intensities 
indicated by the lower traces as in Fig. 11. In addition, two antidromic stimuli were applied 
to the ventral root in order to provide tests of the initial responses as described in the text. 
Control responses to second and to both antidromic stimuli are shown in A and B. Resting 
membrane potential, -72 mV. All records are formed by the superposition of about twenty 
faint traces. 


2246 


216 
neu 
Sar 
bri 
sar 
ant 
ger 
po 
it x 
jus 
E tie. 
Fig 
1 ex: 
4 A z 
AA 
+ 


SPIKE POTENTIALS OF MOTONEURONES 217 


neurone. The second antidromic stimulus was 4-1 msec later and served the 
same purpose as the single antidromic test in Fig. 11. When acting alone, the 
brief depolarizing pulse evoked an IS-SD spike potential (Fig. 12) of the 
same size (80 mV) as the antidromic spike. The ineffectiveness of the first 
antidromic stimulus indicates that the pathway from motor axon to membrane 
generating the IS spike potential had been made refractory. When the de- 
polarizing pulse was followed by a hyperpolarizing pulse as in Fig. 11, all 
gradations of suppression were observed. Provided a small-spike was gen- 
erated (Figs. 12 D—F), the first antidromic stimulus was ineffective and hence 
it may be concluded that this spike is an IS spike. In Fig. 12@ conditions were 
just critical for evoking the small-spike, and, in every case where it failed, the 
first antidromic stimulus evoked an IS-SD spike potential, as is also seen in 
Fig. 12H. The responses to the second antidromic stimulus in Fig. 12 C-G 
exactly paralleled those of Fig. 11 E-@. 

When an IS-SD spike potential is generated by a depolarizing pulse, it may 
be concluded that the coupling between the IS and SD spike potentials can be 
depressed if a hyperpolarizing pulse is applied before the onset of the SD spike. 
There may merely be lengthening of the IS-SD interval. With a more severe 
depression there is IS-SD blockage. Finally there may be even suppression 
of the IS spike, which behaves in an all-or-nothing manner. In the transitional 
state of intermittent IS-SD blockage there is sometimes a large local response 
superimposed on the IS spike (cf. Figs. 11 ¥, 12#). Apparently, as suggested 
in the Discussion, there has been partial invasion of the soma-dendritic mem- 
brane. 

A brief depolarizing pulse can also be induced to generate only an IS spike 
potential when it is applied after a conditioning IS-SD spike potential (cf. 
Fuortes et al. 1957). For example in Fig. 13 B the preceding antidromic spike 
potential caused the depolarizing pulse to generate only a small-spike of 
29 mV in contrast to the 91 mV spike of Fig. 13 A. Testing by a later anti- 
dromic stimulus in Fig. 13 B showed that the small-spike always prevented the 
antidromic stimulus from producing an IS spike. Similarly an IS-SD spike 
generated by synaptic excitatory action caused the depolarizing pulse to 
generate only a small-spike in Fig. 13 D, which also always prevented the anti- 
dromic stimulus from producing an IS spike. Evidently the small-spike in 
Fig. 13 B and D was an IS spike potential, and, if allowance is made for dis- 
tortion by the current pulse, it is seen to resemble very closely the IS spike 
that was evoked by the following antidromic stimulus when the depolarizing 
pulse failed to generate an IS spike. A conditioning IS-SD spike potential has 
never in our experience depressed a later synaptic excitatory action so that 
it evoked only an IS spike potential of a normal motoneurone, as may occur 
with a deteriorated neurone, i.e. the response of a normal motoneurone may 
either be an EPSP alone, or an EPSP with a superimposed IS-SD spike. 
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Fig. 13. Intracellular responses generated in a gastrocnemius motoneurone by various combina- 
tions of stimuli as described in the text. IS-SD spike potentials are evoked in B by an anti- 
dromic impulse and by monosynaptic excitation in C and D. Testing is provided by a com- 
bination of a brief depolarizing pulse of just threshold intensity in B and D and a later 
antidromic stimalus, the control response to this composite test being shown in A. Resting 
membrane potential, -72 mV. All records are formed by superposition of about twenty 
faint traces. Slower time scale, as shown, for 0 and D. 


Fig. 14. Intracellul Pp generated in a motoneurone supplying one of the peroneus muscles 
by an initial antidromic impulse and a later brief depolarizing pulse with an intensity and 
position indicated by the lower traces. Resting potential, -70 mV. All records are formed 
by the superposition of about twenty faint traces. As described in the text, the intensity of 
the pulse is adjusted so that it evokes, in about half of the trials, either an IS spike (A—C) or 
an IS-SD spike (D-H). 


Experiments on the refractoriness and recovery of responsiveness 
of the IS and SD components of a motoneurone 

The most direct method of measuring the recovery of excitability of the 
IS and SD components of a motoneurone is to test the excitability by brief de- 
polarizing pulses applied at various intervals after a conditioning response, 
as has also been done by Fuortes et al. (1957). In Fig. 14 A—C the pulse was 
applied at progressively longer intervals after a conditioning antidromic 
IS-SD spike, and its intensity was adjusted until it evoked an iS spike in 
approximately half of the trials, as shown by the superimposed records. 
Again it will be noted that the IS spike behaved in an all-or-nothing manner, 
there being either nothing at all or else exactly the same size of IS spike 
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potential at any given interval. The briefer the interval, the larger was the 
critical pulse strength and the smaller the IS spike potential evoked thereby. 
When the testing interval was 4 msec or longer (Fig. 14 D, H), a pulse that was 
just critical for evoking an IS spike always evoked the IS-SD complex, never 
an IS spike alone. At briefer intervals a stronger pulse was required to evoke 
an SD spike in approximately half of the trials, as may be seen in the series of 
Fig. 14 E-G. Under such conditions there were many transitional responses 
between the maximum SD spikes and an IS spike potential comparable with 
that at corresponding intervals in the A-—C series. Thus under such critical 
conditions the SD component often did not respond in an all-or-nothing 
manner. The partial SD spike responses of Fig. 14 E—G resembled those already 
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Fig. 15. A; excitability curves for IS (@) and SD (CO) spike responses after a conditioning IS-SD 
spike potential, the ordinates being the threshold strengths of brief pulses applied at the 
testing intervals given by the abscissae. Some of the points for series of Fig. 15A are 
illustrated in Fig. 14. Further description in text. B; sizes of the testing IS and SD spike 
potentials for the series of Fig. 15A. C; excitability curve plotted as in A, but for a moto- 
neurone with a very long IS-SD delay (0-5-0-7 msec), and resting membrane potential of 
~ 61 mV. The horizontal broken line shows the control threshold. 


noted in Figs. 11 F and 122. In Fig. 15A, B curves showing the recovery of 
excitability of the IS and SD elements and also the recovery of the respective 
spike potentials have been constructed from the series partly illustrated in 
Fig. 14, while curves from another experiment are shown in Fig. 15C. A 
somewhat similar excitability curve has been illustrated by Fuortes et al. 
(1957, Fig. 8), for IS and SD responses after a conditioning IS-SD spike 
potential. However, their IS recovery curve differed in that it actually showed 
a brief phase of increased excitability at about 2 msec. The sizes of the SD 
spike potentials plotted in Fig. 15B have been simply measured as the total 
spike potential, no allowance being made for superposition on the IS spike. 
This procedure is necessitated because it was impossible to evaluate the size 
and time course of the IS spike when the SD spike was always superimposed on 
it, as with the longer testing intervals—Fig. 14D, H; and also because, even 
when this information is available, the interaction between these two spikes 
is very complex (cf. Discussion). 
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In interpreting the excitability curves for the SD component in Fig. 15.4 
allowance should be made for the depolarizing effect of the IS spike on which 
it is superimposed and which sums with the depolarization produced by the 
applied current. With testing intervals longer than 4 msec the IS spike alone 
was sufficient, no additional depolarization from the current pulse being 
required. Some allowance should also be made for the varying IS-SD in- 
terval of the test response. The plotted intervals are those measured from the 
onset of the conditioning antidromic spike to the beginning of the testing 
current pulse. Since the IS-SD delay was abnormally long at the shorter 
testing intervals (Fig. 14 E-@), the corresponding plotted points for the SD 
response should be shown at slightly longer intervals in both Fig. 154 
and B, 

When a long IS-SD delay (0-5—0-7 msec) indicated that IS-SD transmission 
was abnormally weak, recovery of excitability was much slower, particularly 
for the SD element (Fig. 15C). On account of the long IS-SD interval in 
Fig. 15C the SD spike would unduly delay recovery from refractoriness of 
the initial segment on account of its depolarizing action (cf. Brock et al. 1953) ; 
hence the abnormally long refractory period. Even at long testing intervals 
the SD spike was not evoked until the depolarizing pulse was increased con- 
siderably above the threshold for the IS spike. Both the IS and SD recovery 
curves are compounded of the recovery from a refractory period proper and 
from the subnormality associated with the after-hyperpolarization. This latter 
effect would attain a maximum with a testing interval of about 10 msec. 
When as in Fig. 14 the conditioning spike response was set up by an antidromic 
volley, antidromic inhibitory action via the Renshaw cell mechanism (Eccles, 
Fatt & Koketsu, 1954) often contributes to the depression. 

When the conditioning antidromic response was merely an IS spike poten- 
tial as in Fig. 16, very different sequences of responses were evoked by the 
depolarizing pulse at the various testing intervals. In Fig. 16 the depolarizing 
pulse was at a constant strength considerably above threshold, and when alone 
it evoked an IS-SD spike potential of 86-5 mV (Fig. 164A). The IS-SD spike 
potential was only a little lower (about 84 mV) when evoked by the pulse at 
3-1 or 2-3 msec after the conditioning IS spike (Fig. 16B). However, at the 
shorter interval of Fig. 16C (1-2 msec), the spike was much smaller (about 
75 mV) and earlier, the summit being at 0-60 msec after the onset of the pulse, 
in contrast to the control interval of 0-87 msec. The changed response is well 
illustrated in Fig. 16D, where there is in addition a superimposed record of 
the IS-SD spike (86-5 mV) evoked by the pulse alone, as in Fig. 16A. Finally 
in Fig. 16H, the pulse was applied only 0-6 msec after the onset of the IS 
spike and the spike response was now larger than at 1-2 msec (77-5 mV) and 
the summit still earlier, at 0-54 msec. Evidently at test intervals of 1-2 and 
0-6 msec the pulse failed to evoke a spike in the refractory IS element. The 
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testing response was thus a pure 8D spike potential superimposed on the resi- 
duum of the conditioning IS spike. The depolarizing pulse evoked these SD 
spikes after a briefer delay because it was applied to an SD membrane that 
was already depolarized by the conditioning IS spike. Optimal conditions of 
depolarization would be provided in Fig. 16, where the depolarizing pulse 
was applied as the conditioning IS spike was reaching its summit. In the 
control response (Fig. 16 A) the pulse had first to generate an IS spike which in 
turn evoked the SD spike. The complex problem of interaction of IS and SD 
spike potentials at various intervals will be treated i in the Discussion 


Fig. 16. B—E, intracellular responses generated in a motoneurone by a brief depolarizing pulse 
(100 x 10-* A for 0-2 msec) at various intervals after a conditioning IS spike that was evoked 
by an antidromic impulse. The IS-SD spike evoked by the testing depolarizing pulse alone 
description in text. 


An investigation similar to that illustrated in Fig. 16 can be performed on 
motoneurones that respond to an antidromic impulse by an IS-SD spike. 
A suitably timed hyperpolarizing pulse can be employed, as in Fig. 17 A-H, 
to block IS-SD transmission, and a depolarizing pulse can then be applied at 
varying intervals thereafter, just as in Fig. 16 (cf. Fuortes et al. 1957, fig. 5). 
In Fig. 17 this pulse was relatively weak, with the consequence that it failed 
to evoke any response when applied at intervals of 0-82 and 1-11 msec after 
the onset of the IS spike (Fig. 17D, £), and occasionally failed at 0-78 and 
1-24 msec (Fig. 170, F). Recovery from refractoriness of the IS component 
was sufficiently advanced at 1-24 msec (Fig. 17F) for the testing pulse to be 
just critical for evoking an IS spike, which in turn evoked an SD spike, as also 
occurred at longer testing intervals in Fig. 17G, H. At the shortest intervals | 
(Fig. 17 A-C) refractoriness of the IS component must have ensured that the 
testing pulse evoked only an SD spike potential, just as occurred at the testing 
intervals of 0-6 and 1-2 msec in Fig. 16 (cf. Fuortes et al. 1957). Fig. 17C is 
particularly significant because it shows an SD spike potential of 68 mV 
complicated only by its superposition on the base line formed by the con- 
ditioning IS response. Following the SD spike, the potential declined below 
the base line, showing that the SD spike was followed by just the same after- 
hyperpolarization that was observed after the IS-SD spike in Fig. 17F. 
Fig. 17 A-C also reveals that the excitability of the SD component was con- 
siderably increased by the depolarization of the conditioning IS spike, for 
the same testing pulse was ineffective in generating an SD spike when this 
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depolarization was declining in Fig. 17D, E (cf. Fuortes et al. 1957, fig. 6A). 
This raised excitability is also indicated by the shortened latency of the SD 
spike in Fig. 17. A, B (cf. Fig. 16). In Fig. 17 J—L the same testing pulse was 
ineffective over a wide range of intervals after an antidromic IS-SD spike. 
Evidently the conditioning SD spike has increased the depression of the IS 
element. This effect is satisfactorily accounted for by the increased membrane 
conductance after the spike of the soma-dendritic membrane (cf. Coombs 
et al. 1955; Eccles, 1957), and also, at the longer testing intervals, by the after- 
hyperpolarization. 


Fig. 17. Intracellular responses of the same motoneurone as in Fig. 14. A brief depolarizing pulse 
of constant strength was employed to test the excitability of the IS and SD components at 
varying times after either a conditioning IS spike (A-H) or a conditioning IS-SD spike (J—L). 
The conditioning spike was evoked by an antidromic impulse, but in A—H it was reduced to an 
IS spike by a suitably timed brief hyperpolarizing pulse. Both intensities and times of the 
current pulses are shown in the lower traces. All records are formed by superposition of 
about twenty faint traces. Further description in text. 


A conditioning SD spike also exerts a prolonged depressant action on the 
IS spike potential. For example in Fig. 18 A—D conditioning by an IS-SD 
spike potential depressed the antidromic IS spike much more than at identical 
intervals after conditioning by an IS spike only (Fig. 18 H-H). At long testing 
intervals this depression of the IS spike by a conditioning SD spike approxi- 
mately follows the time course of the after-hyperpolarization, exactly as has 
been observed for the EPSP when similarly conditioned (Coombs et al. 1955). 
However, as with the EPSP, the depression was still larger at the shorter 


intervals before the onset of the after-hyperpolarization (Fig. 19A). For 
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Fig. 18. Intracellular responses evoked in a semimembranosus motoneurone by a conditioning 
spike potential (IS-SD in A-—D and IS in 2-H) and tested at various intervals by an anti- 
dromic impulse, which alone evoked only an IS spike as shown in the inset record J. The 
conditioning potentials were evoked either by a brief depolarizing pulse alone (A—D) or with 
an immediately following brief hyperpolarizing pulse (Z-H) as shown in the lower traces. 
Resting membrane potential, - 72 mV. All records are formed by the superposition of about 

 ' twenty faint traces, and the testing stimulus was turned off for about half the trials in order 

to give a record of the base line on which the testing response was superimposed. 


50 mV 
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Fig. 19. A; sizes of the IS spikes are plotted against the testing intervals for the series partly 
a illustrated in Fig. 18. Crosses show control values for the IS spike (of. Fig. 182), while the 
? | filled and open circles plot the sizes after conditioning IS and IS-SD spike potentials re- 
i! spectively. Intervals are measured between the onsets of the conditioning and testing spike 
z potentials. B: sizes of the IS spikes are plotted against the testing intervals for the series 
. partly illustrated in Fig. 4. Crosses show the control values for the unconditioned IS. spikes 
4 of Fig. 4-H, while the filled circles give the IS spikes evoked by the testing volleys in this 
MS series. Open circles show the conditioned IS spikes for the series partly illustrated in Fig. 4 F-H. 
ae The superimposed SD spikes prevented :neasurements at longer testing intervals and also of 
— the unconditioned size. 
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example the IS spike was depressed to 60%, of its control value in Fig. 184, 


but only to 87% at an identical interval in Fig. 18£. Depression of an IS — 


spike by a preceding SD spike is also illustrated in Fig. 11 #, F, the control 
IS response being shown in Fig. 11C. Explanations of these various observa- 
tions will be given in the Discussion. 


DISCUSSION 


The factors determining the sizes of the IS and the SD spike potentials 
at various positions along the initial segment and in the soma can be discussed 
in relationship to a schematic diagram (Fig. 20. A) in which a probable spatial 
distribution of the membrane potentials is shown for the whole length of the 
initial segment and the adjacent soma region. In accordance with the calcula- 
tions of Rall (1955), even with the relatively rapid potential changes of the IS 
spike, the surface of the approximately spherical part of the soma is assumed to 
have the same membrane potential. It must be emphasized that the curves of 
Fig. 20A represent at the most very rough approximations to the spatial 
distributions; nevertheless they provide a useful basis for the ensuing 
discussion. 7 

Reference to Fig. 8 D-F shows that, when the IS spike is recorded with an 
assumed position of the micro-electrode in the initial segment, the summit of 
about 70-80 mV is attained by the time (first arrow) that the IS spike as 
tecorded in the soma has arisen only to about 20 mV, and has fallen to about 
50 mV by the time (second arrow) that the intrasomatic IS spike has attained 
its maximum of 30-40 mV. In Fig. 20.A the continuous curves labelled IS,, IS, 
plot the membrane potentials that are assumed to exist along the whole length 
of the initial segment and in the soma at these two specified instants. The trans- 
membrane potentials are plotted in Fig. 20A without distinction between 
active and passive potential changes. If it be assumed that, as demarcated 
by the perpendicular broken line to the right of Fig. 20A, there is a sharp 
boundary between the IS and SD membranes, then all IS potentials to the 
left of the perpendicular line will be actively produced, though falling below 
the actual 95 mV spike size (uppermost horizontal broken line) that is assumed 
to obtain for any membrane element in isolation. This depression of the active 
spike potential would be caused by current flow from the soma-dendritic 
membrane and would be particularly intense for the membrane adjacent to 
the soma, the IS spike at the IS-SD interface being depressed in this manner 
by as much as 70 mV. Reciprocally, as shown in Fig. 204, B, the soma mem- 
brane of the truncated cone adjacent to the active IS membrane will be 
passively more depolarized than that lying more remotely and forming the 
approximately spherical part of the soma. It should be noted that, since the 
extracellular potentials of the whole soma-initial segment region are very 
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small, not more than 2 mV, and of the same sign (Fatt, 1957 a), there would be 
intracellular potential gradients of almost the same magnitude as the slopes of 
the potential curves of Fig. 20A along the length of the initial segment and 
into the soma. Presumably these potential gradients are due to voltage drops 
arising from current flow in the core-conductor. 3 

Also shown by a dotted line in Fig. 20.4 are the membrane potential changes 
assumed to obtain at the time of the summit of the SD spike. Large passive 
changes are seen to occur in the IS membrane adjacent to the soma membrane, 
and there is a progressive decrement along the IS segment, though on account 
of the smaller currents it would be expected to be much less steep than the 
decrement during the IS spike. Hence a considerable passive SD potential 


> 20- 


Fig. 20. A: schematic representation of an assumed spatial distribution of the membrane 
potentials developed in the IS membrane and the adjacent SD membrane at two instants 
during an IS spike potential (continuous lines) and at the summit of an SD spike (dotted line). 
The horizontal continuous line represents the resting membrane potentials of the three 
components, which are assumed to be all at - 70 mV, while the horizontal broken lines give 
the zero membrane potential and the spike summit at +25 mV that would be given by any 
element of the membrane in isolation, ic. a 95 mV spike. ebesigees gsr in text. 
B: diagram of the initial segment of the motor axon (hatched) « lo jacent soma on 
the same linear scale as the abscissae of Fig. 20 A. Only the beginning of the expanded soma 
is shown. Note the initial segment as defined between the two vertical boundary lines and 
obliquely hatched; and the SD segment on the extreme right. C: diagram showing the 
postulated threshold levels of depolarization with the sharp transition between the IS and 
SD membranes. 
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change probably occurs up to the medullated segment and in its adjacent 
nodes. The relative sizes of the IS and SD spikes indicate that in Figs. 3-5 of 
this paper the micro-electrode was at the various positions given by double- 
arrow lines. 

When the IS component is excited to generate a spike potential, the im- 
mediately adjacent SD membrane is more depolarized than that lying more 
remotely over the approximately spherical soma (Fig. 20 A). The hypothesis 
would therefore predict that the SD spike would first arise largely as local 
responses in this adjacent region, which would aid the IS component in pro- 
ducing a threshold depolarization of more remote regions. However, partial 
responses of these more remote regions may also occur. The situation some- 
what resembles conduction along a non-medullated axon, but differs on account 
both of the special geometrical features of the axon-soma junctional zone and 
of the postulated sharp transition in threshold that is illustrated in Fig. 20C. 
Under critical conditions for axon-soma blockage it would be expected that 
the failure would occur, not in the activation of the adjacent SD membrane 
by the IS spike, but rather in the further general activation of the SD mem- 
brane, as has already been proposed by Fuortes et al. (1957). Observations in 
accord with this expectation have been illustrated for the IS spike potential 
- under conditions just critical for blockage of a second, antidromic impulse 
(Brock et al. 1953; Coombs et al. 1955; Fatt, 1957a). Recording in the region 
that has been assumed to be the axon hillock gives very favourable oppor- 


tunity for display of these local responses, as for example in Figs. 4C, 5H, and 


in the superimposed tracings of Fig. 8C. . 

In attempting to explain experimental en resembling those 
described in this paper, Fuortes et al. (1957) postulated that, besides the IS and 
SD components of the motoneurone, there was in the region of the axon hillock 
a transitional zone of considerable area between these two components. In 
particular it was postulated that with the IS component a relatively small 
depolarization (about 10 mV) sufficed to initiate a spike potential, and that 
the threshold depolarization progressively increased in passing from the IS 
component through the transitional zone to the much higher threshold (about 
30 mV) of the SD component. It will be argued here that this hypothesis is 
unnecessarily complex in postulating the existence of a transitional zone, and 
the attempt will be made to explain all the experimental observations in 
terms of the simpler hypothesis that, besides the medullated axon with its 
M spike, only two components of the motoneurone contribute to the recorded 
spike potential: the low-threshold membrane of the initial segment and the 
high-threshold soma-dendritic membrane. In Figs. 7A and 20 B the postulated 
boundary between these two components has been indicated in the diagram- 
matic illustration of a motoneurone, and the postulated sharp transition of 
thresholds is illustrated diagrammatically in Fig. 20C. Actually there may be 
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a very irregular boundary between the two distinctive membranes and not 


_ the straight boundary shown in the diagram. 


Since direct and synaptic stimulation always evoke initially an IS spike 
potential and only secondarily an SD spike, the threshold of the IS membrane 
must be much lower than that of the SD membrane (cf. Fuortes et al. 1957; 
Fatt, 19576). Experimental evaluation of these respective thresholds will be 
attempted in the following paper (Coombs et al. 1957), the approximate mean 
values being indicated in Fig. 200. For present purposes it is sufficient to 
recognize that the soma-dendritic membrane generates a spike potential (the 
SD spike) when the depolarization produced by the applied current or by the 
EPSP is increased to the threshold by the depolarizing current flowing into 
the activated initial segment. 

Partial SD spike responses have been particularly amiaenh when a strong 
depolarizing pulse has been applied early in the relative refractoriness following 
an SD spike (Fig. 14 Z-G). Under such conditions it would be expected that 
general activation of the SD membrane might fail, despite the superposi- 
tion of depolarizations due to the depolarizing pulse, the IS spike and the 
partial SD spike. Partial SD responses also occurred when a brief depolar- 
izing pulse was followed by a hyperpolarizing pulse so that conditions were 
just critical for IS-SD blockage (Figs. 117, 12.4) (Fuortes et al. 1957, fig. 4). 
The present hypothesis thus accounts for these partial SD spikes, not by postu- 
lating a zone with transitional membrane properties (cf. Fuortes et al. 1957), 
but merely by taking account of the geometrical features of the IS-SD junc- 
tional region and the potential changes occurring there (cf. Fig. 20A). When 
this is done, there does not at present appear to be any experimental evidence 
necessitating the additional postulate of the zone with transitional threshold 
properties. 

Since the IS spike as recorded in the soma is generated by the passage of a 
depolarizing current across the soma membrane, it would be expected that 
conditions which increased the conductance of the soma membrane would 
diminish the voltage change developed across the membrane and so diminish 
the recorded IS spike. The depolarizing current produced by the activated 
IS membrane would flow partly through the membrane capacitance, so dis- 
charging it, and partly through the membrane conductance. An approximate 
estimate of the relative potential changes so produced by the currents flowing 
during an IS spike may be based on calculations for the passage of a rect- 
angular current pulse 0-6 msec in duration through a network with the mem- 
brane capacitance (3 x 10-°F) in parallel with different values of membrane 
conductance (1-2 x 10-* mhos in resting condition) as determined by Coombs 
et al. (1955). This calculation shows that a fourfold increase in membrane 
conductance would be required to produce a 30% reduction. A percentage 
reduction of this magnitude has been obtained for an IS spike closely following 
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an SD spike, compared with its value following an IS spike at the same interval 
(Figs. 18 A, HE; 19A). Hence, if change in conductance was the only factor 
causing this additional reduction in IS spike size recorded from the soma, these 
approximate calculations indicate a considerable increase in soma conductance 
following an SD spike. This explanation is compatible with the observations 
of Fig. 4, plotted in Fig. 19B, where, with diminishing test intervals, the IS 
spike was relatively much less depressed when it was recorded at a presumed 
site in the initial segment than in the soma, since the increased conductance of 
the soma membrane would not depress the IS spikes directly recorded in the 
initial segment. 

Following an IS-SD spike potential it has been shown (Figs. 14, 15) that 
the absolutely refractory periods of both the IS and SD components of the 
motoneurones are less than 3 msec (less than 2 msec for SD and probably less 
than 1-5 msec for IS in Fig. 15. A), and that recovery from relative refractori- 
ness is well advanced by 4 msec. Doubtless the absolutely refractory period is 
appreciably less than indicated in Fig. 15, because, when very large testing 
current pulses were employed, it became very difficult to determine if small 
responses were superimposed on the large stimulus artifacts. Fuortes et al. 
(1957, fig. 8) illustrate recovery curves showing an absolute refractoriness for 
the IS component as brief as 1-3 msec, with complete recovery from relative 
refractoriness by 2 msec. Recovery curves directly determined by the applica- 
tion of depolarizing pulses give the most reliable measure of the time course of 
recovery after a motoneurone has responded by discharge of an impulse. It 
will be appreciated that the later stages of the excitability curves are depend- 
ent on the after-potentials, as is shown in Fig. 15C. Specific reference need not 
be made to earlier efforts to determine the refractory period curves for moto- 
neurones, since this work has been surveyed in a recent review (Eccles, 
1955). 

In Fig. 16C-E a brief depolarizing pulse at various intervals after a previous 
IS spike evoked an SD spike potential which was considerably lower than the 
combined IS-SD spike in the control record (Fig. 16.A). This diminution is 
explained by taking account of the repolarizing currents (cf. Fig. 8 D-F) that 
flow in the external circuit from the IS segment and across the soma membrane 
during the rapid declining phase of the IS spike. As shown in Fig. 8 F, these 
currents would be greatly intensified by the larger potential difference obtaining 
during the SD spike (66 mV at the summit of the SD spike, the broken line, 
in Fig. 8F), and could thus very effectively account for the depression of the 
SD spike potential that occurs when the 8D spike summit was superimposed 
on the declining phase of a preceding IS spike, as occurred in both Figs. 16 C-E 
_ and 17B, C, and as was also reported but not precisely explained by Fuortes 
et al. (1957, figs. 5, 6). 

It may be concluded that the experimental investigations of the spike 
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potential of motoneurones can be satisfactorily explained by the hypothesis 
that this potential is produced in three distinct regions: the medullated axon, 
M; the initial segment of the axon, IS (non-medullated segment plus axon 
hillock); and the soma plus the large dendrites, SD. In each of these regions, 
under conditions of minimal damage, the resting membrane potential is 
approximately at the same value, about —70 mV, and the spike potential of 
the isolated components would be 80-100 mV. These values for the spike 
potential would have to be increased by 10-20% in order to allow for depres- 
sion caused by capacitive coupling to earth in the recording system (cf. Brock 
et al. 1952). On account of the flow of currents between the components, the 
recorded spike potentials would be diminished as indicated in Fig. 20A. With 
the usual position of the micro-electrode in the soma or base of a large den- 
drite, i.e. an intrasomatic position, the recorded spike potentials represent 
virtually the potential changes occurring in the soma-dendritic membrane; 
hence, when the impulse is restricted to the M or IS regions, the recorded spike 
potential would be merely that passively produced in the SD membrane by 
the currents generated by activity of the M or IS membrane. In this way it is 
possible to give a satisfactory explanation both of the size and time course of 
the M and IS spikes recorded by an intrasomatic electrode during various 
conditioning procedures. On the other hand, with an intrasomatic position of 
the micro-electrode, it has not been possible to obtain any information about 
the propagation of impulses in the more remote regions of the dendrites. It is 
postulated that at the IS-SD junction there is a sharp transition in membrane 
properties, as revealed both by threshold and by after-potentials (cf. Coombs 
et al. 1957). The transitional responses, as revealed by local SD spike potentials, 
are satisfactorily accounted for by the geometrical relations at the transitional 
region. 
SUMMARY 

1. Spike potentials have been generated in motoneurones by three different 
methods of activation, by antidromic impulses, by monosynaptic stimulation, 
and by depolarizing pulses applied through an intracellular electrode. The 
usual site of recording is presumed to be with the intracellular electrode in the 
soma or bases of the large dendrites (intrasomatic or SD position), but by 
analysis of the potential records (spikes, after-potentials and synaptic poten- 
tials) it is concluded that some intracellular insertions were into the initial 
segment of the motor axon, IS (axon hillock plus non-medullated segment), 
or into the medullated axon, M. 

2. By analysis of the spike potentials produced in these various ways and 
recc-4~4 at these presumed locations of the micro-electrode, it is postulated 
that the composite spike potential recorded by an intrasomatic micro-electrode 
is generated by active spike responses of 80-100 mV in three distinct regions 
of the motoneuronal membrane, the M, IS and SD regions. Thus the M and IS 
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spike potentials as recorded intrasomatically would be passively produced in 
the SD membrane by current flowing from there into the activated M and IS 
membranes respectively, the corresponding voltages so produced being 
1-3 mV and 30-40 mV. Normally each region gives all-or-nothing spike 
responses, but under conditions critical for IS-SD transmission local SD spike 
responses occur. 

3. When the antidromic spike potential is intrasomatically recorded, the 
very small M spike precedes the IS spike by 0-05-0-1 msec. M-IS transmission 
is delayed (up to 0-2-0-4 msec) or blocked when the excitability of the 18 
segment is depressed by refractoriness or hyperpolarization. 

4. Synaptic and direct stimulation always evoke an initial IS spike potential, 
which in turn generates an SD spike after an interval, usually 0-14—0-25 msec, 
which is briefer than for the antidromic IS-SD interval, usually 0-25-0-5 msec. 

5. By applying through the intracellular electrode a suitably timed hyper- 
polarizing pulse, it is possible to delay or block the IS-SD transmission and so 
to obtain an IS spike uncomplicated by SD. IS-SD blockage also occurs with 
direct stimulation by a brief pulse applied after a conditioning IS—SD spike, 
and rarely with a brief pulse in the unconditioned motoneurone. 

6. By applying brief pulses of graded strength over a whole range of inter- 
vals after a conditioning IS-SD spike, the time course has been determined for 
the recovery from refractoriness both for the IS and SD membranes. Re- 
fractoriness after a conditioning IS spike has also been investigated, the SD 
membrane being then not refractory but even hyperexcitable on account of its 
conditioning depolarization. 

7. The factors determining the size of the IS spike, as recorded intraso- 
matically, have been investigated together with the interaction between IS 
and SD spike potentials that are superimposed at various time intervals. 
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THE GENERATION OF IMPULSES IN MOTONEURONES 
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It has been shown that the intracellularly recorded spike potential of moto- 
neurones is compounded of three separate responses, each normally having an 
all-or-nothing character: the M spike of the medullated axon; the IS spike of 
the initial segment of the axon; and the SD spike of the soma-dendritic mem- 
brane (Coombs, Curtis & Eccles, 1957). With all three methods of stimulation 
antidromic, synaptic or direct, the IS spike precedes the SD spike (Araki & 
Otani, 1955; Fatt, 19576; Fuortes, Frank & Becker, 1957; Coombs et al. 1957), 
but only with antidromic stimulation has the small M spike been observed to 
precede the IS spike and even to occur in the absence of the IS and SD spikes 
when antidromic transmission is depressed by various procedures (Brock, 
Coombs & Eccles, 1953; Coombs, Eccles & Fatt, 1955a; Coombs et al. 1957). 
The present paper describes an attempt to determine the factors governing 
the generation of spike potentials in these three components, and the way in 
which they are related to the discharge of an impulse down the axon of the 
motoneurone. The experimental procedures have been described in the pre- 
vious paper (Coombs ef al. 1957). | 


RESULTS 


The discharge of impulses along the motor axon 

By testing for the refractoriness of the motor axon in the ventral root, 
Fuortes et al. (1957) showed that the discharge of an impulse along the motor 
axon always occurred when direct or synaptic stimulation evoked an IS spike 
response of a motoneurone. The SD spike was not concerned. This finding has 
been confirmed in a number of experiments, but a much more satisfactory 
experimental procedure has been to record the impulse that is discharged 
along the ventral root, for in this way the timing of the discharge can be 
investigated with precision. 

In the usual experimental procedure the ventral root was divided into a 
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number of filaments that were mounted separately on pairs of electrodes that 
could be used for both stimulating and recording. A third electrode was often 
placed more proximally on the filament in order to record, relative to an 
indifferent earth lead, the spike potentials of the propagated impulses and so 
to minimize errors in assessing the time of initiation of the antidromic impulse. 
The filament containing the axon of the motoneurone under investigation can 
be readily identified because an antidromic impulse can be fired into the 
motoneurone from that strand (Fig. 1.4, B), and the antidromic propagation 
time can be measured between the first reversal point of the root potential 
(marked by arrow in Fig. 1B) and the onset of the IS spike potential. 

When a motoneuronal spike potential was generated by a direct current, as 
in Fig. 1D, #, there was always an accompanying spike potential in the 
ventral root filament, i.e. an impulse was always discharged down the motor 
axon. When the intensity of the direct current was increased above the thresh- 
hold value, the motoneuronal spike potential arose at a progressively shorter 
latency, as in Fig. 1 E to D, but the discharge of the impulse along the ventral 
root always occurred at precisely the same time after the onset of the IS spike 
potential. The measurements were always made from the sharper origin of 
the IS spike in the differentiated record (cf. Fig. 1(C). 

Similarly, when a motoneuronal spike potential was generated by synaptic 
stimulation, an impulse was always discharged down the motor axon. It will 
be seen in Fig. 1G—J that the spike potential in the ventral root filament 
differed from that occurring with direct stimulation in that there was often 
complication by other impulses discharged in the filament. However, the 
spike potential belonging to the motoneurone under observation could usually 
be identified because its form and size were revealed uncomplicated by other 
potentials in the responses produced by direct stimulation. For example, if 
Fig. 1G-J be compared with Fig. 1D and E, the spike can be identified even 
when it occurred amongst other spikes, as in Fig. 1J. For any one moto- 
neurone the interval between the onsets of the IS spike and of the spike poten- 
tial in the ventral root filament has invariably been constant for all strengths 
of synaptic stimulation, e.g. it was about 0-23 msec in Fig. 1G-J, and it has 
not significantly differed from the latency for direct stimulation, which was 
also about 0-23 msec for Fig. 1D and E£. 

On the other hand, the latency for antidromic propagation up the same 
length of motor-axon and initiation of the IS spike was about 0-22 msec in 
Fig. 1A and B. Usually it has been longer than the times measured as above 
for orthodromie propagation along the same pathway, and with some moto- 
- neurones the discrepancy has been considerable. However the conditions of 
propagation are very different in the two directions. The measured time for the 
antidromic propagation is occupied not only in traversing about 15 mm of 
the medullated axon, but also in initiating the IS spike potential, a process 
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which normally involves a delay of 0-05-0-1 msec, the M-IS interval (Coombs 
et al. 1957). There were no records at an amplification sufficiently high to 
enable the M-IS interval to be determined for the motoneurone of Fig. 1, 
but no significant error would be introduced by assuming a value of 0-07 msec. 
Thus the antidromic propagation up to the first node of the medullated axon 
would occupy 0-15 msec in Fig. 1. If the same propagation time is assumed 
for the orthodromic propagation down the axon, both synaptic and direct 


Fig. 1. Upper traces are intracellularly recorded spike potentials evoked in a biceps-semitendi- 
nosus motoneurone (resting ‘membrane potential - 60 mV) by an antidromic impulse (A, B), 
by a depolarizing pulse that began at the artifact and continued throughout the traces (C—Z) 
and by monosynaptic activation by an afferent volley from the nerve to biceps-semitendi- 
nosus (F—J). In A, C and F the lower trace is an electrically differentiated record of the 
upper trace. In D, Z, G—J the lower trace is recorded monophasically from an isolated ventral 
root filament of L7. In the lower trace of B the electrode that records monophasically is used 
to record the antidromic volley relative to an indifferent earth lead, negativity being down- 
wards. Arrows in D-J indicate time of initiation of the impulse in the medullated axon, as 
calculated from the spike in the ventral root, the measured antidromic conduction time after 
allowance of 0-07 msec for the M-IS interval (see text). Same voltage scale for all intracellular 
records, and time scale obtains for all records. A compensatory circuit was employed with 
the depolarizing pulses of C-Z. 


stimulation would have initiated an impulse in the medullated axon 0-08 msec 
after the onset of the IS spike potential, as signalled by the arrows in Fig. 1 D, 
E, G-J. Actually the propagation time in the medullated axon should be a 
little briefer than with antidromic propagation, because it was occurring along 
an axon already somewhat depolarized by electrotonic spread of the direct or 
synaptic depolarization; hence in Fig. 1 D-J the initiation of the impulse 
would be even a little later than the arrows. Fig. 1 thus shows that the IS spike 
has already developed a potential of about 5 mV at the time of initiation of 
the impulse in the motor axon. Since the initiation always occurred in the same 
time relationship to the IS spike, it can be concluded that, with synaptic 
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and direct stimulation of this motoneurone, the IS spike potential was re- 
sponsible for depolarizing the medullated axon and so evoking the discharge 
of the impulse orthodromically propagating along it. Actually it would be 
adding to the depolarization electrotonically spreading from the soma during 
the process of synaptic or direct stimulation. As diagrammatically illustrated 
by Coombs e¢ al. (1957, fig. 20.4) there would be expected to be a very effective 
electrotonic spread of the SD spike to the central end of the medullated axon, 
and with the more prolonged potentials occurring with synaptic or direct 
stimulation this spread would be even more effective. 

In some motoneurones the calculated time between the onset of the IS spike 
and the initiation of the impulse in the first node of the medullated axon was 
considerably briefer than the 0-08 msec calculated for Fig. 1. However, for 
15 motoneurones the value was always positive, the mean being about 
0-05 msec, which indicates that a small, but significant, depolarization by the 


Fig. 2. A, B, show spike potentials generated in a motoneurone by a depolarizing pulse with the 
lower trace showing a monophasic record from a filament of L7 ventral root as in Fig. 1 D, Z. 
C, D show antidromic spike potentials set up by a stimulus of three times threshold strength 
and applied with the cathode at the electrode that was used for the monophasic recording in 
A, B. In D the motoneurone was conditioned by a depolarizing pulse of 14nA that was 
just below threshold for evoking a spike response. On the basis of the antidromic conduction 
time in D, the time of initiation of the discharge is indicated by the arrows in A and B, and 
is seen to precede the onset of the IS spike. 


IS spike was necessary to generate an impulse at the first node, which already 
will be depolarized almost as much as is the IS segment by the electrotonic 
spread of the direct or synaptic depolarization of the soma. Towards the end 
of three experiments antidromic propagation times became greatly lengthened, 
even more than double the earlier values, while there was little change in the 
timing of the discharged impulse relative to the IS spike potential. Presum- 
ably the deteriorated motor axon was then conducting asymmetrically, con- 
duction in the orthodromic direction being aided by the preliminary depolar- 
ization. In part the lengthening may have been in the M-IS interval. In two 
other experiments (cf. Fig. 2), even when antidromic conduction time was 
diminished by a direct or synaptic depolarization that was just subthreshold 
for initiating an impulse (Fig. 2D), the antidromic time was 0-07-0-09 msec 
longer than the interval between the onset of the IS spike potential and the 
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arrival of the impulse in the ventral root filament (Fig. 24, B). Hence the 
possibility must be envisaged that at least sometimes the discharged impulse 
is initiated at the first node and secondarily invades the initial segment. 

In Fig. 1D, EB, G-I and Fig. 2A, B, the SD spike potential always began after 
the initiation of the axonal discharge, which has also been the case in all other 
motoneurones so investigated. Thus, in the synaptic or direct excitation of a 
motoneurone, the sequence of events usually is: initiation of the IS spike 
potential ; the IS spike potential initiates the discharge of an impulse down the 
motor axon; the IS spike potential still later initiates a spike potential in the 
soma-dendritic membrane. A similar sequence has been observed by Arvani- 
taki & Chalanozitis (1956) for the ganglion cells of Aplysia. Occasionally, as 
in Fig. 2, the first two stages may be reversed. 

In agreement with Fuortes et al. (1957) it has been found that the discharge 
of an impulse along the motor axon was invariably linked with the IS spike. 
For example in Fig. 3#, G, a suitably timed hyperpolarizing pulse caused 
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Fig. 3. Conditions of recording resemble those of Fig. 1, but the depolarizing pulse in records 
D, E, G, H was only 0-26 msec in duration, and in Z, G, H a prolonged hyperpolarizing pulse 
was applied at progressively briefer intervals after the onset of the depolarizing pulse, 0-44, 
0-30 and 0-16 msec respectively, F giving the control record for the hyperpolarizing pulse 
alone, and J the record of the currents when the hyperpolarizing pulse commences 0-41 msec 
after the onset of the depolarizing pulse. Records B and C were evoked by monosynaptic 
excitatory action, that was just above threshold in B and below in C. Resting membrane 
potential, -48 mV. Lower traces in B—H were recorded from a filament of L7 ventral root 
as in Fig. 1, while the lower trace of A was similar to that of Fig. 1 B. Same time scales through- 
out, and same voltage scale for all upper traces. 
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blockage of IS-SD transmission (cf. Fuortes et al. 1957; Coombs et al. 1957), 
but the impulse appeared as usual (cf. Fig. 3D) in the ventral root. On the 
other hand, when the hyperpolarizing pulse caused suppression of the IS spike 
potential as well, it also suppressed the impulse in the ventral root (Fig. 3H). 
Similarly, with synaptic stimulation of the motoneurone, the impulse only ap- 
peared in the ventral root when an IS (and SD) spike was generated (Fig. 3 B, C). 
These observations are, of course, to be expected on the basis of the earlier 
finding that the discharge of the impulse precedes the onset of the SD spike. 

If with direct and synaptic stimulation an impulse was initiated in the first 
node of the medullated axon significantly earlier and at a lower threshold 
than in the initial segment, it would be expected that a suitably timed 
hyperpolarizing pulse would allow the discharge of an impulse down the motor 
axon, but suppress the IS spike. Since this has never been observed, it can be 
concluded that, even if the discharged impulse is sometimes initiated in the 
first node, the initial segment has virtually the same threshold and latency of 
response, With its usual intrasomatic location, the micro-electrode is unfavour- 
ably placed for discriminating between impulses arising in the first node or in 
the initial segment under such critical conditions. 


The threshold depolarization for initiation of impulses 

The IS spike potential. It has already been shown that both direct and 
synaptic stimulation of motoneurones evoke first an IS spike potential from 
which arises the SD spike potential (Araki & Otani, 1955; Fuortes et al. 1957; 
Fatt, 19576; Coombs et al. 1957). Furthermore, a large part of the surface 
membrane of the initial segment is in such close electrotonic relationship to 
the presumed site of the intracellular electrode in the soma that, with such 
relatively prolonged depolarizations, it would have virtually the same potential 
as that recorded in the soma (cf. Rall, 1955; Coombs et al. 1957, fig. 20.4). 
Hence the threshold depolarization for the IS membrane is directly given by 
the recorded intracellular potential at which the spike arises. The instant at 
which this occurs is most effectively signalled in the differentiated records 
(cf. arrows in Fig. 4B-D, and Fig. 9B). For example, in Fig. 4B depolariza- 
tion to 17 mV by an EPSP is seen to be just critical for evoking an IS-SD spike. 
Under such critical conditions this spike appeared after a very long latency 
(1:3 msec in B), while in C and D larger EPSP’s were effective at about the 
same level of depolarization, the spike consequently arising after a shorter 
_ latency (0-65 msec in D). A comparable series of records is seen in Fig. 11 K-M, 
where the EPSP’s have been increased by post-activation potentiation. When 
the depolarization was directly produced by current through one barrel of a 
double micro-electrode, a spike potential was initiated at approximately the 
same critical level, which is about 16 mV in Fig. 4-H. The intracellular 
records of Fig. 4E-H give approximately the time course of the membrane 
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potential change, for the effects of the capacitive coupling and the coupling 
resistance between the two barrels (Coombs et al. 1955a) have been virtually 


eliminated by the operation of a compensatory circuit (Coombs, Curtis & 
Kecles, 1956). Approximately equivalent thresholds for the origin of the IS 
spike have also been illustrated in the preceding paper (Coombs e¢ al. 1957, 
Fig. 9B, C). 


Fig. 4. Intracellularly recorded potentials of a gastrocnemius motoneurone (resting membrane 
potential —70 mV) evoked by monosynaptic activation that was progressively increased 
from A to D, and by a prolonged depolarizing pulse that was applied through the other 
barrel of a double micro-electrode and progressively increased from Z to H. A compensatory 
circuit was employed to eliminate capacitive artifacts and also the effect of the coupling 
resistance. The lower traces in A—D are the electrically differentiated records, the double- 
headed arrows indicating the onsets of the IS spikes in B-D. Separate potential and time 
scales are shown for the two series. Records H-—H were each formed by the superposition of 
about twenty faint traces. The spikes are truncated and their steep rising phases have been 
strengthened to avoid losses in reproduction. 


The same critical level of depolarization is observed when different afferent 
volleys are effective in generating a spike potential of a motoneurone. This is 
illustrated in Fig. 5 for three different motoneurones: A, B; C, D; E—-H. In 
all three the critical depolarization, as indicated approximately by the arrows, 
was at the abnormally low value of about 5 mV, which is attributable to the 
low resting potentials (about —50 mV). Usually the monosynaptic EPSP’s 
from two different muscle nerves were not sufficiently large to evoke spike 
potentials in motoneurones that had a membrane potential at the normal 
level of about —70 mV. With the motoneurone of Fig. 4 the critical level for 
initiating an impulse (17 mV) was one of the highest ever observed (cf. also 
Figs. 11, 12), the membrane potential being —70 mV and the spike potential 
recorded at 94mV. Usually the threshold depolarization was within the 
range 5-18 mV for motoneurones having resting potentials of —60 to —80 mV 
and spike potentials above 70 mV (cf. Table 1). A mean value of about 10 mV 
is also given in Table 1 of Frank & Fuortes (1956) for the threshold synaptic 
depolarization of the four motoneurones that had spike potentials in excess 
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of 80mV. It should be noted that Frank & Fuortes compensated for cap- 
acitive losses, whereas the spike potentials in our experiments were probably 
depressed by as much as 20% (cf. Brock, Coombs & Eccles, 1952). 

In all experiments where synaptic and direct stimulation have been effective 
in generating impulses in a motoneurone, there has, as in Figs. 4 and 5, been 
no significant difference in the threshold levels of the respective depolariza- 
tions. It would appear that the results of Frank & Fuortes (1956) can be 
similarly interpreted, for they report mean threshold values that presumably 
do not differ significantly, viz. 7-4 and 8-1 mV for synaptic and direct stimula- 
tion respectively, the latter being calculated from the threshold current and 


Fig. 5. A, B; C, D; B-H are intracellularly recorded Jad shea as of three lateral gastrocnemius 
motoneurones which were evoked by homonymous and heteronymous monosynaptic activa- 
tion, i.e. by afferent volleys from the lateral gast ius-soleus and the medial gastroc- 
nemius nerves respectively. A—D have the same potential scales, and A, B thesametimescales. 
Different potential and time scales for Z, F and G, H. Records A—F were formed by the 
superposition of about twenty faint traces. In A-F arrows indicate the approximate 
threshold levels of depolarization. 


TaBLzE 1. Potentials and thresholds of motoneurones 


SD 
Spike threshold A 

Cell potential potential (synaptic) Synaptic Antidromic 
type (mV) (mV) (mV) (m (mV) 
BST - 50 77 7 25 23 

G - 60 75 5 19 21 
BST — 56 74 7 25 23 
BST - 60 80 7 25 25 

G -70 95 17 37 37 

G - 67 75 9 20 24 
BST — 80 87 18 29 32 

Pi — 66 69 9 19 19 
FDL -70 17 15 28 32 
FDL - 59 70 7 20 19 
FDL — 68 84 16 28 29 
Mean values - 64-2 78-5 10-6 25 26 

BST = Biceps-semitendinosus, Pl—Plantaris, G=Gastrocnemius, FDL=Flexor digitorum 
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the measured value for the membrane resistance. Likewise it has already 
been reported that, when an IPSP has been inverted to a depolarizing response 
by injecting Cl- or NO,~ ions, it caused the motoneurone to generate an im- 
pulse at the same level of depolarization as a monosynaptic EPSP (Coombs 
et al. 19556), and that a similar threshold also obtained for monosynaptic and 
polysynaptic EPSP’s (cf. Eccles, 1953). Bonnet (19560, 6) has reported 
experimental investigations on the effect of depolarizing currents on amphibian 
motoneurones and has also concluded that direct and synaptic depolarization 
are equivalent in evoking discharges. 

A particularly effective test for the postulated equivalence of direct and 
synaptic depolarizations is proved by superimposing an EPSP on directly 
produced depolarizations of varying sizes up to threshold, as has been done in 
Fig. 11 B-I. It has been reported that under such conditions an impulse is 
generated by the EPSP when its addition to the direct depolarization brings 
it to the same total level of depolarization (Coombs et al. 1955a; Eccles, 1957, 
fig. 17). This is alse illustrated in Fig. 12 4, where the series partly illustrated 
in Fig. 11 A-TI is plotted by the filled circles. The threshold level of depolariza- 
tion is seen to increase a little (from 18 to 21 mV) with increase in the depolar- 
izing current. Possibly this is attributable to accommodation (see Discussion) 
or possibly the coupling resistance between the two barrels was somewhat 
higher than the estimated value of 0-35 MQ. 

A more discriminative test can be applied by adjusting the size of the EPSP 
so that it is just at threshold when superimposed on each testing level of 
depolarization, as has been done in Fig. 6 B—~F. When allowance is made for 
the potential drop in the computed coupling resistance between the two barrels, 
the total depolarization is found to be virtually identical (16 mV) for all levels 
of the direct depolarization, as may be seen in the plotted points of Fig. 7. In 
Fig. 6¥ the depolarizing current was just below the threshold for initiating 
impulses, as was also indicated by the very small additional EPSP that was 
effective in generating impulses. It is preferable to perform this test, as in 
Figs. 6 and 7, without a compensatory circuit for neutralizing the initial 
capacitive artifacts, and to superimpose the EPSP after these artifacts have 
subsided. When plotting the threshold depolarizations, as in Fig. 7, it is then 
merely necessary to allow for the coupling resistance between the two barrels 
of the micro-electrode. 

With antidromic propagation into a motoneurone, the IS spike is initiated 
by the depolarization produced by the activated nodes of the medullated axon. 
When recorded with an intrasomatic position of the micro-electrode, this 
depolarization (the M spike) is usually only 1-2 mV (cf. Coombs et al. 1957, 
Fig. 6 H-K). However, in contrast to direct or’synaptic stimulation, where 
depolarization electrotonically propagates very effectively from the soma into 
the initial segment, an intrasomatic electrode is very unfavourably placed for 
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recording @ depolarization electrotonically propagating antidromically into 
the initial segment from the medullated axon, as may be seen by reference to 
fig. 20A of the preceding paper (Coombs et al. 1957). On the rare occasions 


Fig. 6. Intracellularly recorded potentials from a biceps itendi motoneurone (resting 


membrane potential, —74 mV) which were evoked monosynaptically in A, and by mono- 
synaptic activation that was applied 11-5 msec after the onset of a depolarizing pulse in 
B-F. The depolarizing pulse was progressively increased in strength from B to F, the 
respective currents being indicated in nA. Correspondingly, the monosynaptic activation 
had to be diminished in order that the combined stimulation would remain just effective in 
evoking a spike potential in about half of the trials. All records were formed by the super- 
position of about twenty faint traces. Since a compensatory circuit was not employed, the 
onset of the depolarizing pulse caused a large potential change due to capacitive coupling 
between the barrels. The spikes are truncated and their steep rising phases have been 
strengthened. At the onset of the current pulse there was a large artifact whose rising phase 
is shown by a broken line (see text). 
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Fig. 7. Plotting of the membrane potentials (ordinates) against depolarizing current intensity 


(abscissae) for the series partly illustrated in Fig. 6, allowance being made for the potential 
drop in the coupling resistance between the two barrels of the microelectrode (0-35 MQ), as 
measured from the series plotted in Fig. 12.B (see text). ©, membrane potential just before 
the onset of the monosynaptic excitation; @, the membrane potential that was just critical 
for initiating a spike. The line through the open circles has a slope corresponding to a mem- 
brane resistance of 0-96 MQ. 
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when the large size of the IS spike relative to the SD spike indicated that the 
micro-electrode tip was located in the region of the axon hillock (cf. Coombs 
et al. 1957, figs. 4~6), the M spike potential was much larger, 7-10 mV. When 
the IS spike was almost as large as the SD spike, as in Fig. 8D, it may be 
assumed that the micro-electrode was recording from the IS segment almost 
as favourably as if it were actually inserted in this segment. It will be observed 
that the IS spike was then initiated by the M spike (Fig. 8C, D) at virtually 
the same level of depolarization as when it was initiated by the EPSP 
(Fig. 8B). Thus it can be concluded that all three methods of initiating IS 
spikes are dependent simply on the production of the same critical level of 
depolarization of the IS segment, which normally is in the range 7-17 mV. 


Fig. 8. Intracellular potentials in a biceps-semitendinosus motoneurone, the micro-electrode being 
presumed to be in the initial segment, as indicated by the large size of the IS spike relative to 
the SD spike (see text). A, B, monosynaptic activation by an afferent volley from biceps 
semitendinosus nerve. C, D, activation by an antidromic impulse from the biceps-semi- 
tendinosus nerve. In A-C the lower traces show the potentials recorded from the surface 
of the spinal cord. 


The SD spike potential. With all methods of initiating impulses in moto- 
neurones, synaptic, direct or antidromic, the SD spike potential is not in- 
itiated until the SD membrane has been very considerably depolarized by the 
IS spike potential (Fatt, 19576; Fuortes et al. 1957; Coombs et al. 1957; Eccles, 
1957). Since during the IS spike, the maximum extracellular potential relative 
to the indifferent earth lead is about 1 mV in the opposite sense to the intra- 
somatically recorded potential (Fatt, 1957a), the depolarization of the SD 
membrane will actually be about 1 mV larger than the IS spike as recorded 
intrasomatically, and not less, as has been previously assumed (Brock et al. 
1953; Eccles, 1955, 1957). As illustrated in Fig. 9 the SD spike is taken to begin 
at the first sign of inflexion from the differentiated IS spike potential and is 
seen to be much earlier than the SD origin that would be derived by the earlier 
procedure of timing its origin by the inflexion in the potential records. As a 
consequence the threshold level of depolarization for the SD spike as measured 
in Fig. 9, and reported in Table 1, is considerably lower than has been pre- 
viously reported (cf. Coombs et al. 1955a; Eccles, 1957). 

With motoneurones in good condition the threshold depolarization has a 
value in the range 20-35 mV, and often is 1-2 mV larger with antidromic than 
with direct or synaptic stimulation (Table 1). Possibly this difference arises 
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because with antidromic stimulation virtually the whole of this depolarization 
has to be produced by the IS spike, whereas, with direct and synaptic stimula- 
tion, the IS spike has merely to increase the depolarization of the soma- 
dendritic membrane from 7-17 mV to 20-35 mV. 


1 msec 
Fig. 9. A, B, tracings of intracellularly recorded spike potentials evoked by antidromic and 
monosynaptic stimulation of a motoneurone respectively, the original records being already 
illustrated (Coombs et al. 1957, fig. 9 A, B). The lower traces show the electrically differentiated 
records. Perpendicular lines are drawn from the origins of the IS and SD spikes, as indicated 
in the differentiated records, the respective threshold depolarizations being thus determined 
from the potential records, and indicated by horizontal lines labelled respectively IS and SD. 


When the SD membrane is depolarized or hyperpolarized by the applica- 
tion of a brief current through one barrel of a double micro-electrode, an SD 
spike is generated at lower or higher levels respectively of the IS spike poten- 
tial (Figs. 10, 11). When measurements from Figs. 10 and 11 are corrected for 
voltage-drop in the coupling resistance, they may be plotted as in Fig. 124 
to show that the alteration in the threshold level for generation of the SD spike 
largely compensates for the initial change in the membrane potential. 

The method for determining the coupling resistance is illustrated in Fig. 12B 
and is based on the assumption made by Frank & Fuortes (1956) that at the 
summit of the spike potential the membrane potential is altered by applying 
a current across the membrane only in so far as it is passively changed by the 
voltage-drop arising on account of the passage of the current through the 
membrane resistance. When the spike potential is plotted against the applied - 
currents in Fig. 12.B (filled circles), the slope of the curve gives a resistance of 
0-40 MQ, which is partly attributable to coupling resistance between the two 
barrels and partly to the resistance of the active membrane. If the active 
membrane at the spike summit is assumed to have a resistance of 5% of the 
resting membrane, which is relatively higher than the value determined for 
giant axons and muscle fibres (Fatt & Katz, 1951; Hodgkin & Huxley, 1952), 
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10. Intracellular records with a double micro-electrode in a biceps-semitendinosus moto- 
neurone (resting membrane potential - 70 mV) which was activated by a depolarizing pulse 
applied 12-0 msec before an antidromic impulse. The lower records F-—K give on a much 
faster time scale the antidromic responses corresponding to the records immediately above, 
the current strengths in nA being indicated between each set. A pulse of 20 nA was just 
below threshold for generating an impulse. The lower traces of F—K give the electrically 
differentiated records. At 8nA the antidromic impulse sometimes gave only the M spike 
(B, H) as seen also with no conditioning current in A, F, and sometimes the IS-SD spike as 
well (@). Same potential and volt/sec scales for all records; also, as in Fig. 6, a compensatory 
circuit was not employed, hence the large initial artifacts in B-Z. 


Fig. 10, but in B-J evoked by monosynaptic activation that was applied at 12-0 msec after 
the onsets of depolarizing pulses, whose strengths are indicated in nA. Again no compen- 
satory circuit was employed. The time courses of the potentials produced by the depolarizing 
pulses were similar to those illustrated in Fig. 10B-#. A pulse of 20nA was just below 
threshold for generating a spike. A shows control EPSP in the absence of a depolarizing 
pulse. In K-M no depolarizing pulse was applied, but the EPSP was increased above 
threshold by post-activation potentiation after 15 sec tetanization at 680/sec, K showing 
record at height of potentiation and L, M during its decline. J is the subthreshold EPSP 
before potentiation. Lower traces give electrically differentiated records. Same voltage, 
volt/sec and time scales for all records. Note that spikes are truncated. 
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the coupling resistance between the two barrels must account for (0-40- 
0-05) MQ, for the resting membrane resistance is shown to be about 1-0 MQ 
by the slope of the resting membrane potential line (open circles in Fig. 12 B). 
This slope gives @ resistance of 1-36 MQ, which is compounded of the coupling 
resistance 0°35 MQ (as calculated above) and the resting membrane resistance, 
1-01 MQ. 

The calculated threshold levels of depolarization for initiation of the SD 
spike are seen in Fig. 12 A (open circles) to increase from about 30 to 32 mV 
with increase of the conditioning depolarizing current. Possibly this is a result 
of accommodation during the 12 msec application of the current, which would 
increase in its effect as the current was increased (Coombs, Curtis & Eccles, 
unpublished observations). Alternatively the slope could be due to too low a 
value being assumed for the coupling resistance. 

When conditions are just critical for blockage of antidromic invasion of 
the soma-dendritic membrane, local responses of the soma-dendritic membrane 
are evoked instead of the full SD spike (Coombs et al. 1957). It is likely that 
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Fig. 124. Measurements from the series partly illustrated in Figs. 10 and 11 have been made for 
the threshold depolarizations for generating the IS and SD spike potentials, the methods of 
measurement being illustrated in Fig. 9, and are plotted on potential-current co-ordinates 
as indicated. IS thresholds are plotted as @ points, while © and @ points give the SD 
thresholds for synaptic and antidromic stimulation respectively. An allowance of 0-35 MQ 
has been made for the coupling resistance between the two barrels, which has been derived 
as shown in Fig. 12.B. The oblique broken line shows the membrane potential change 
calculated for a resistance of 1-01 MQ as derived in Fig. 12 B (see text). 


12B. The upper plotted points (@) give the recorded potentials at the summits of spike 
potentials generated by monosynaptic stimulation that was applied 12 msec after the onset 
of depolarizing pulses whose strengths are plotted as abscissae. Measurements are from lower 
amplification records photographed simultaneously with those of Fig. 11. The points (OQ) 
give the recorded potentials just before the synaptic stimulation, i.e. the difference between 
the lower and upper points for any current strength gives the total height of the spike 
potential evoked by the synaptic stimulation. The slopes of the lower and upper lines 
correspond respectively to resistances of 1-36 and 0-40 MQ. Further description in text. 
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these responses arise in the soma-dendritic membrane adjacent to the IS 
segment, which will be more effectively depolarized by electrotonic spread 
from the IS spike potential (Coombs et al. 1957, fig. 20A). For this reason it is 
likely that this zone normally responds by a spike potential before the re- 
mainder of the SD membrane, and so would act as a type of intermediate 
response adding to the depolarization produced by the IS spike. If that is so, 
our measurements of the threshold level for the SD membrane would be too 
low by several millivolts. In effect the intrasomatic electrode picks up from 
the cell interior a weighted mean of the potentials across the various regions of 
the soma-dendritic membrane, and so virtually ignores the higher depolariza- 
tion which the IS spike potential induces in the immediately adjacent SD 
membrane. If it be assumed that the whole SD membrane has the same thresh- 
hold level of depolarization (cf. Coombs et al. 1957), the initial part of the SD 
spike will arise in this local region and the generalized SD response will not 
begin until some millivolts higher depolarization is attained a little later on 
the inflected curve. This effect is particularly evident with antidromic activa- 
tion of the SD membrane, where, as indicated in Fig. 9 A, there is a much slower 
onset of the SD spike than with synaptic activation (Fig. 9B). 


DISCUSSION 


In Fig. 12A (@ points) the threshold levels of depolarization for generating 
the IS spikes appeared to increase as relatively more of it was contributed by 
the applied current. This must not be taken to establish that a depolarization 
produced in this way is less effective than that synaptically evoked (cf. Frank 
& Fuortes, 1956), for the current was applied for 12 msec before the synaptic 
excitation was superimposed on it. Since motoneurones exhibit a significant 
accommodation in this time (Frank & Fuortes, 1956; Coombs, Curtis & Eccles, 
unpublished observations), the higher thresholds with larger currents could 
be explained in this way. However, a degree of uncertainty is introduced by 
the allowance for the coupling resistance. For example, if the coupling resist- 
ance in Fig. 12A was as high as 0-5 MQ, which seems very unlikely (cf. 
Fig. 12.B), the threshold depolarization would be virtually unaffected by 
current intensity. Likewise, if the coupling resistance in Fig. 7 were less than 
the assumed value, the threshold would increase with current intensity. It is 
desirable to repeat these experiments without double electrodes that have 
very low and stable coupling resistances. 

‘Table 1 gives the IS and SD thresholds for motoneurones which were in 
reasonably good condition, as revealed. by their resting and spike potentials. 
It has been assumed that motoneurones giving lower potentials have been 
injured by the micro-electrode and consequently no special significance should 
be attached to their low IS and SD thresholds. Possibly some of the thres- 
holds reported in Table 1 have also been lowered by injury, and hence the very 
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large range of values would be explained. However, for the present it may be 
assumed that the mean threshold depolarizations for generating IS and SD 
spikes are 10 and 30 mV respectively. The SD threshold has been increased by 
5 mV over the mean given in Table 1 in order to allow for the extrinsic 
potential and the zone of specially large depolarization adjacent to the IS 
membrane (cf. Coombs et al. 1957, fig. 20.A). 

It seems that this remarkable difference in threshold for two zones of the 
surface membrane of 4 cell cannot fully be accounted for by such extrinsic 
factors as the dense coverage of the soma-dendritic membrane by synaptic 
knobs or glial cells (cf. Eccles, 1957, pp. 51-2). Thus it is postulated that there 
is a difference between the membranes of the two zones. Such a difference is 
also indicated by the after-potentials, for the after-hyperpolarization is large 
after the SD spike and undetectable after an IS spike (Coombs e¢ al. 1955a). A 
difference in the two zones is also indicated by cytological evidence, for the 
initial segment is distinguished from the soma and dendrites by the absence of 
Nissl substance and pigment granules (Chu, 1954) and by the sparseness of 
synaptic endings on its surface (Cajal, 1909; Hoff, 1932; Lorente de N6, 1938; 
Barr, 1939). 

By extrinsic recording of the potential fields produced during antidromic 
activation of motoneurones the velocity of impulse conduction in the dendrites 
has been measured as 2 m/sec (Lorente de N6, 1947, 1953) or even as low as 
0-7-1-0 m/sec (Fatt, 1957a). It is possible to account for these very slow con- 
duction velocities, if it be assumed that the surface membrane along the whole 
length of the dendrites has the high threshold characteristic of the soma and 
proximal dendritic regions, which is the only region accessible to our methods 
of intracellular investigation. 

It was shown above that with direct or synaptic activation of the moto- 
neurone the impulse discharged down the motor axon was sometimes so early 
that it was probably initiated in the first node of the medullated axon and not 
in the IS segment. Since there are only a few microseconds between these 
events, a more discriminative investigation is required before these two pos- 
sible origins can be distinguished. However, it should be pointed out that the 
impulse discharged from the Pacinian corpuscle arises at the first node (Dia- 
mond, Gray & Sato, 1956). Nevertheless, the situation here differs in that the 
impulse never invades the non-medullated axon of the Pacinian corpuscle, 
which by its depolarization provides the ‘generator potential’ for the first node. 
By contrast, if an impulse is generated in the first node of the medullated 
axon, it always invades the initial segment. There are no special difficulties 
in explaining the origin of the impulse in the first node, for it may be very close 
to the initial segment (within 200, cf. Fatt, 1957a) and consequently the 
direct or synaptic depolarization would be but little more attenuated than in 
the IS segment. 
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The functioning of the motoneurone as an integrating unit is specially aided 
by the low threshold of the initial segment relative to the soma-dendritic 
membrane. As a consequence of this threshold difference, excitatory synaptic 
bombardment causes impulses to be generated in the initial segment and not 
anywhere over the whole soma-dendritic membrane. If these latter conditions 
obtained, a special strategic grouping of excitatory synapses (cf. Lorente de 
N6, 1938) could initiate an impulse despite a preponderant inhibitory action 
elsewhere and a relative paucity of the total excitatory synaptic bombard- 
ment of areas remote from this focus. Such a breakdown of the integrative 
function of a motoneurone is prevented by the high threshold of the soma- 
dendritic membrane relative to the initial segment. Since synapses can thus 
be effective only in so far as they can depolarize the initial segment, those 
synapses remotely placed on dendrites will be functionally ineffective in view 
of the estimated space constant of 300 (Coombs et al. 1955a). Possibly this 
relative ineffectiveness of remote dendritic synapses may be correlated with 
their sparse distribution in such regions (Lorente de N6, 1938; Barr, 1939; 
Bodian, 1952). 

SUMMARY 

1. By means of synaptic stimulation or by applying a depolarizing current 
through an intracellular electrode, motoneurones have been caused to dis- 
charge impulses which have been recorded in ventral root filaments. 

2. This discharge was always associated with a spike in the initial segment 
of the motoneurone (the IS spike), but was quite independent of the soma- 
dendrite spike (the SD spike)... Moreover, the impulse appeared in the ventral 
root so early after the onset of the IS spike that it must have been initiated 
either by the earliest part of the IS spike or even just before by a primary 
response of the first node of the medullated axon. It always arose before the 
onset of the SD spike. 

3. When allowance is made for accommodation, it appears that depolariza- 
tions produced by synaptic action or directly by applied currents are equi- 
potent in generating motoneuronal spikes. 

4. The threshold depolarization for the initial segment was found to be in 
the range 5-18 mV (mean about 10 mV) for motoneurones relatively un- 
damaged by the micro-electrode, while for the soma-dendritic membrane the 
range was 20-37 mV. 

5. The relationship of these findings to the functioning of the motoneurone 
is briefly discussed. 
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THE CARDIOVASCULAR EFFECTS OF ANTICHOLINESTERASES 


IN THE DOG WITH SPECIAL REFERENCE TO 
HAEMODYNAMIC CHANGES IN THE PULMONARY 
CIRCULATION 


By M. pe BURGH DALY* 
From the Department of Physiology, University College London 


(Received 2 July 1957) 


Daly & Wright (1956) described recently the changes in vascular resistance in 
skin, muscle and in the splanchnic vascular bed as a result of single intravenous 
injections of isopropylmethylphosphonofluoridate (sarin) and tetraethylpyro- 
phosphate (TEPP). A study of the effects of these compounds on the haemo- 
dynamics of the pulmonary circulation has now been made in the dog and the 
results of the investigation are presented in this paper. 


METHODS 


Dogs varying in weight from 10-8 to 22-5 kg were anaesthetized with either chloralose (0-1 g/kg 
body weight, 1.v.) preceded by morphine hydrochloride (2 mg/kg, subcutaneously) or pento- 
barbitone sodium (Nembutal, Abbott Laboratories, 40 mg/kg, 1.v.). In a few experiments the 
dogs received morphine hydrochloride (3 mg/kg, subcutaneously) followed half an hour later by 
0-25 ml./kg t.v. of a 1:1 mixture of Dial (Ciba Laboratories Ltd., diallylbarbituric acid 0-1 g and 
urethane 0-4 g/ml.) and pentobarbitone. 

The trachea was cannulated and the animal was ventilated artificially by means of a Starling 
‘Ideal’ pump at a constant peak inflationary pressure which varied between 8 and 15 cm water in 
different experiments. The ventilation overflow volume, that is, the volume of air spilling over 
the constant pressure device, was measured by the method described by Daly (1957). In these 
experiments, the lungs collapsed passively during expiration against a resistance of 2-3 cm water. 
In a few experiments the tidal air volume of the animal breathing spontaneously was measured 
with a spirometer, The trachea cannula was connected to a conventional closed circuit respiratory 
system in which carbon dioxide was absorbed in two soda-lime towers and oxygen was added at 
a rate which maintained horizontal the limiting lines of the tidal air tracing. 


Measurement of cardiovascular pressures 
Systemic blood pressure was measured in a femoral artery by means of a mercury manometer. 
Heart rate was recorded by the method of Daly & Schweitzer (1950) using a Thorp impulse 
‘counter (Thorp, 1948). Mean pulmonary arterial pressure was measured from a lobar branch 
with a small rubber tambour which was calibrated at the end of each experiment with a vertical 
saline manometer. Left atrial pressure was measured from a cannula inserted through the 
auricular appendix, by means of a vertical saline manometer, the open end of which was connected 
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to a small volume recorder. The same method was used for measuring right atrial pressure, a 
cannula being inserted into the right atrium via the right external jugular vein. The zero reference 
points for the pulmonary arterial and atrial pressures were taken from the level of the tips of the 
respective cannulae. 

In a few experiments the thorax was closed after inserting the pulmonary arterial and left atrial 
cannulae, The air was removed from the thorax and spontaneous respiration restored. The 
recorded pressures were not corrected for intrathoracic pressure. 


Measurement of pulmonary blood flow 
experiments suggested that, with the doses of sarin and TEPP used, changes in 
pulmonary blood flow were likely to be large and to vary considerably within a few heart beats. 
In order to measure these rapidly occurring variations in flow, it was decided to adopt the method 
of continuously recording blood flow by means of Shipley & Wilson (1951) electrically recording 
rotameters in which were incorporated the modifications described by Bell (1954). 

Pulmonary blood flow was measured in one of two ways. The first method was similar to that 
described by Hiirlimann & Wiggers (1953) in which changes in flow to one or more lobes of the 
lungs were measured to serve as an indicator of the directional changes in total pulmonary blood 
flow (Daly, unpublished). For this purpose the pulmonary artery blood to the left diaphragmatic 
lobe was passed through a rotameter before entering the lobe. After opening the thorax in the 
fourth left intercostal space, two cannulae were inserted into the left diaphragmatic branch of 
the pulmonary artery, one pointing towards the heart, the other towards the lung lobe. These 
two cannulae were connected with rubber tubing to the inflow and outflow sides of the rotameter 
respectively. 

In other experiments total pulmonary blood flow was measured directly by a method similar to 
that described by Seely & Gregg (1950). In this the whole of the right ventricular output passed 
through the rotameter. In these two methods, pulmonary arterial pressure was measured both 
proximally and distally to the rotameter by means of two rubber tambours. The difference 
between the two manometer readings gives a measure of the pressure drop across the rotameter. 
In one further experiment, the combined blood flows through the superior and inferior venae 
cavae were measured after ligation of the vena azygos. 

Blood flow was recorded on the kymograph by means of a direct recording milliammeter 
(Bell, 1954) which was damped by means of an oil dashpot. The speed of response of the meter 
was approximately 2 sec to 90% response. Zero blood flow was checked at frequent intervals 
throughout every experiment. The mean blood flow was taken to be the arithmetic mean of the 
upper and lower limits of the trace. 

At the end of each experiment the animal was bled to death and the blood, maintained at 37° C, 
was used to calibrate the rotameter. The calibration curve thus obtained with a non-pulsatile 
flow was used to measure the flow rate at all stages of the experiment. This method of calibrating 
the records probably introduces an error of approximately 4%, because the flow in the pulmonary 
artery is pulsatile and because after injection of an anticholinesterase changes in pulse rate occur. 
Plots obtained by pumping blood through the rotameter at different pulse frequencies are shown 
in Fig. 1, together with the curve for a non-pulsatile flow. No attempt was made to damp the 
movement of the rotameter float in animal experiments by inserting an expansion chamber on the 
inflow side of the instrument. This introduces blood volume changes in the circulation when 
changes in pulmonary arterial pressure occur. Furthermore, the blood stored in such a chamber is 
likely to produce vasoactive substances which will enter the circulation should the pulmonary 
arterial pressure fall. 

Vascular resistance. The value for pulmonary vascular resistance (P.V.R.) was calculated from 
the mean pulmonary arterial pressure (measured distally to the rotameter), mean left atrial 
pressure and pulmonary blood flow: 


Mean pulmonary arterial pressure minus mean left atrial pressure (mm Hg) 


Pulmonary blood flow (ml./min) 
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Fig. 1. Curves relating pulsatile and non-pulsatile flow, measured with graduated cylinder and 
stopwatch, and deflexion of the milliammeter writing-point. Blood was pumped through the 
rotameter by means of a Dale-Schuster pump rotating at 150 (©), 108 (@) and 24 (+) 
rev/min. Curve (@) was obtained with a non-pulsatile flow. Each point represents the mean 
of three readings. 


The value for total peripheral vascular resistance (T.P.R.) in the systemic circulation was calcu- 
lated : 

TPR, — Mean femoral 3.r, minus mean right atrial pressure (mm Hg) 

Total pulmonary blood flow (ml./min) 
The values for vascular resistance were expressed in convenient units representing the pressure 
necessary to force 1 ml. blood/min through the pulmonary or systemic circulation. 

Cardiac work. The external work of the right ventricle was calculated thus: (Pulmonary 
arterial pressure minus right atrial pressure (mm Hg x 13-6)) x Pulmonary blood flow. This was 
expressed in kg.m/min. Similarly, the external work of the left ventricle per min was calculated 
thus: (Systemic blood pressure minus left atrial pressure (mm Hg x 13-6)) x Pulmonary blood 
flow. For the purpose of this calculation it was assumed that the output of the two ventricles 
was the same. 

Ventricular stroke work was calculated for each ventricle thus: 


External ventricular work (per min) 
Heart rate (beats/min) 


This was expressed in gram-metres/min (g.m/min). 


Denervation of heart and lungs 
Some experiments were made in which the heart and lungs were denervated. For this purpose 
the sympathectomy was performed at previous operations. Under Nembutal anaesthesia and 
with full aseptic precautions, the stellate ganglion and sympathetic chain as far as T, or T, were 
removed on one side. A similar operation was performed on the other side 7 days later. The cervical 
vagosympathetic, phrenic and recurrent laryngeal nerves were cut on both sides at the time of the 
final experiment which was performed within 24 days of the first operation. 
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Blood analyses 
During the course of some experiments blood samples were taken through a wide-bore needle 
inserted into either a femoral or a carotid artery. Haematocrits were performed by collecting the 
blood directly into Wintrobe tubes which were then centrifuged at 3000 rev/min for 30 min. — 
In two experiments determinations of the apparent viscosity of blood relative to that of water 
were made at 37° C using a Hess (1907) type of viscometer. The capillary tube was 15 cm long and 
0-5 mm diameter and the applied pressure was 200 mm Hg. 


Drugs 
All animals were. given heparin (Liquemin, Roche Products Ltd., 7-8 mg/kg) to render the 
blood incoagulable. Half the initial dose was repeated every 30 min. Sarin in a 1: 1000 aqueous 
solution or TEPP in a 1% aqueous solution was given into a femoral vein. Other drugs used in 
this investigation were atropine sulphate (British Drug Houses), adrenaline (0-1 % solution with 
0-5% chloretone, Parke, Davis and Co.) and noradrenaline (Levophed, Bayer Products Ltd.). 


TaBLE 1. Initial values for total pulmonary blood flow, pulmonary lobar flow (to left diaphragmatic 
lobe) and venous return (combined blood flow through the superior and inferior venae cavae) 
in different experiments. Morphine-chloralose was the anaesthetic employed in all experi- 


Weight of 1 ore Pulmonary Venous Blood flow 
flow lobar flow return (ml./min/kg 


= (kg) (ml/min) (ml./min) (ml./min) body wt.) 
73 15-3 1590 104 
74 14-6 1400 -~ _ 96 
17 14-7 1650 112 
53 18-6 925 50* 
45 11 60 
46 21-7 68 — 
47 14-1 85 
78 13-3 118 
84 17-5 188 
86 10-8 37 
87 15-2 120 — 
88 15-4 75 — 


* Thig value is calculated from the combined blood flow through the superior and inferior 
venae cavae and not cardiac output. 


Experimental condition of the preparations 

Whereas these methods have the advantage of giving a continuous record of pulmonary blood 
flow, they have certain disadvantages; in particular, some disturbance to the circulation caused 
by the insertion of the rotameter. In all experiments the systemic blood pressure was within 
normal limits, as was the pulmonary arterial pressure (Tigerstedt, 1903). The initial values for 
blood flow are shown in Table 1. Marshall (1926) found that, in the unanaesthetized dog breathing 
spontaneously, the normal mean value for cardiac output was 138 ml./min/kg. The value is 
probably lower, however, in animals under positive pressure ventilation (see review by Whitten- 
berger, 1955). In the present investigation, the values for total pulmonary blood flow are probably 
within the normal range for dogs under these experimental conditions and are similar to those 
found by Seely & Gregg (1950). In Expt. 53 the value of 50 ml./min/kg is considerably below 
normal even allowing for the fact that the value for blood flow used in this calculation was that 
for the combined flow through the venae cavae and did not include the coronary blood flow. This 
may be the result of an increased resistance to venous return imposed by the rotameter. In the 
remaining experiments, in which pulmonary lobar flow was measured, the blood flow values varied 
from 37 to 188 ml./min in dogs of 10-8-21-7 kg. These are approximately within the range of 
17 PHYSIO. CXXXIX 
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flows observed by Htirlimann & Wiggers (1953) using a similar technique. The weight of the left 
diaphragmatic lobe is approximately 24% of the total lung weight, so our values are below the 
expected normal when expressed in terms of total pulmonary blood flow. It must be pointed out, 
however, that in these experiments the pulmonary arterial inflow pressure to the left diaphrag- 
matic lobe was 3-5 om saline (2-3-5 mm Hg) lower than the pulmonary arterial pressure, owing 
to the pressure drop across the rotameter. 

In all experiments intravenous injections of adrenaline or noradrenaline, in doses of 2-20 yg, 
were given as a test of the state of the cardiovascular reflexes. In preparations with brisk reflexes 
these drugs caused an initial bradycardia and fall in cardiac output which is brought about reflexly 
through stimulation of baroreceptors in the carotid sinuses and arch of the aorta by the rise in 
systemic blood pressure (Heymans & de Vieeschhouwer, 1950; M. de B. Daly & C. P. Luck, un- 
published). In all but two experiments, adrenaline and noradrenaline had this reflex effect. In 
the two preparations in which the reflex was absent Nembutal was the anaesthetic used. In this 
connexion, M. de B. Daly & C. P. Luck (unpublished) showed that intravenous injections of small 
doses of Nembutal into lightly anaesthetized chloralosed dogs might abolish this reflex effect of 
these drugs. 

In conclusion, therefore, we believe our preparations to have been in reasonably good condition 
despite the fairly extensive surgical procedures adopted. 


RESULTS 
Effects of sarin and TEPP on pulmonary ventilation 
In experiments described in this paper sarin, in doses of 30 ug/kg, or TEPP, 
0-05-0-2 mg/kg, was given intravenously. Since no differences in the effects of 
these two agents on tidal air volume or on the cardiovascular system were 
observed, the results obtained from them will be presented together. 

In experiments in which ventilation was carried out at a constant peak 
inflationary pressure, sarin and TEPP caused a reduction in tidal air volume 
as indicated by an increase in ventilation overflow volume. This is represented 
by the increased slope of the trace (Figs. 2, 3A and 4). The values for calcu- 
lated tidal air volume are given in Figs. 2 and 3. In several experiments the 
increase in the slope of the ventilation overflow volume record was followed 
by a temporary decrease 3-6 min after injection of the anticholinesterase, 
indicating an increase in tidal air volume. Typical effects are shown in Figs. 
3B and 4. This effect was not consistently related to changes in systemic blood 
pressure, pulmonary arterial or left atrial pressures and is probably due to 
temporary release of bronchoconstriction. Since the respiratory rate remained 
constant, the diminution in tidal air volume represented a decrease in respira- 
tory minute volume. 

In dogs with closed chest and breathing spontaneously similar doses of 
sarin or TEPP caused a reduction of respiratory minute volume which was 
sometimes preceded by a small increase. On the whole, the time course of the 
reduction in respiratory minute volume in these preparations did not differ 
greatly from that in the open-chest dogs ventilated artificially at constant 
peak inflationary pressure. 

Effect of atropine. The injection of atropine after poisoning with sarin or TEPP 
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usually restored the tidal air volume in preparations ventilated artificially 
(Fig. 4). An exception to this occurred in the experiment illustrated by Fig. 2. 
The ventilation overflow volume had not undergone any change 2 min after 
injection of atropine so it became necessary to re-expand the lungs by venti- 
lation at constant volume from a Starling ‘Ideal’ pump instead of at constant 


Fig. 2. Dog, 3, 15-0 kg. Morphine-chloralose. Open chest. Constant positive pressure ventila- 


tion. Respiratory pump stroke, 255 ml, Respiratory pressure, 12 cm H,O. The values on 
the ventilation overflow record are those for the calculated tidal air volume (ml.). At 4, TEPP, 
0-1 mg/kg intravenously. At }, atropine, 2 mg intravenously. Between joined arrows + + 
constant volume artificial respiration was applied to re-expand the lungs. After the injection 
of atropine which is indicated on each record by an arrow +, the writing points of the pul- 
monary arterial and left atrial pressure manometers went off the paper. The mean pulmonary 
arterial pressure exceeded 50 cm saline (37 mm Hg). x =artifacts. Heart rate in beats/min. 
In this and in subsequent figures: T.A.—tidal air volume (inspiration upwards); 
V.0.V. =ventilation overflow volume; L.A.P. =left atrial pressure; R.A.P. =right atrial pres- 
sure; P.V.P.=peripheral venous pressure; P.A.P.1=pulmonary arterial pressure measured 
proximal to rotameter; P.A.P.2 = pulmonary arterial pressure measured distal to rotameter; 
P.F. = total pulmonary blood flow; P.L.F. = pulmonary lobar flow; B.P. =systemic blood pres- 
sure; H.R. = heart rate; T.P.R. =total peripheral vascular resistance and P.V.R. = pulmonary 
vascular resistance. 
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pressure. When constant pressure ventilation was resumed 12 sec later, the 
tidal air volume was restored to its original value. The possible causes of 
failure of the lungs to expand again after giving atropine are discussed by 
Daly (1957). Further large doses of sarin or TEPP after atropine had no effect 
on the ventilation overflow volume. 

In closed-chest preparations atropine restored the respiratory minute 
volume provided the respiratory centre was not depressed by asphyxia. 
This result is similar to that described for the dog by Krop & Kunkel (1954), 
Heymans, Pochet & van Houtte (1956) and by Daly & Wright (1956). 


Effects of sarin and TEPP on the systemic, pulmonary 
arterial and atrial pressures 

Changes in systemic blood pressure. Twenty-one experiments were performed 
under chloralose, Nembutal or Dial-urethane-Nembutal anaesthesia and in 
these ventilation was carried out artificially at a constant peak inflationary 
pressure. Both sarin and TEPP caused bradycardia and considerable changes 
in systemic blood pressure. In some experiments the pressure fell and then 
progressively increased to a level in excess of its control value. This initial fall 
in pressure was sometimes preceded by a small rise and tachycardia. In other 
experiments the pressure gradually increased. In these the onset of the brady- 
cardia was slow compared with that observed in experiments in which there 
was an initial fall in systemic blood pressure. These different types of response 
are illustrated in Figs. 2-6. Similar blood-pressure responses have been 
observed previously in the dog by numerous workers using these and other 
anticholinesterases (Koelle & Gilman, 1949; Holmstedt, 1951; Krop & Kunkel, 
1954; Heymans ef al. 1956; Daly & Wright, 1956). 

Changes in pulmonary arterial pressure. Two types of response were observed. 
When sarin or TEPP caused a considerable bradycardia within about 2 min of 
injection, the pulmonary arterial pressure fell, although occasionally this fall 
was preceded by a small rise. Then, as the heart rate began to recover, the 
pressure gradually increased and in several experiments it eventually exceeded 
its original level. In the example shown in Fig. 4, the heart stopped beating 
about 1} min after injection and this was accompanied by a fall in pulmonary 
arterial pressure. During the period of cardiac asystole, which lasted about 
30 sec, there was a gradual rise in mean pulmonary arterial pressure from 15 
to 26 cm saline (11-19 mm Hg). When the heart started beating again, the 
pulmonary arterial pressure remained elevated. 

The second type of response was seen in experiments in which the onset of 
the bradycardia was slow and the systemic blood pressure was well maintained 
or even increased. In these experiments the pulmonary arterial pressure 
showed practically no initial fall, but instead rose progressively. This type of 
response is illustrated by the experiments shown in Figs. 2 and 3 in which the 
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pulmonary arterial pressure rose from 17:5 to 34 cm saline (13-25 mm Hg) 
and from 24-5 to 42 cm saline (18-31 mm Hg) respectively. The injection of 
sarin or TEPP caused a rise in pulmonary arterial pressure in fifteen of twenty- 
one experiments and this rise occurred whether the systemic blood pressure 
: increased or decreased. The results of twelve of the twenty-one experiments in 
which pulmonary arterial pressure was measured in conjunction with pul- 
monary blood flow are summarized in Table 2. The values for pressures after 
\ poisoning were taken arbitrarily at the time when the pulmonary arterial 


~ — 


pressure had reached its maximum height. 

Changes in left and right atrial pressures. Both left and right atrial pressures 
invariably increased after injection of sarin or TEPP and the rise in pressure 
in the left atrium was usually slightly greater than that in the right. The rise 

, in atrial pressures was small so long as there was little slowing of the heart. 

On the other hand, when the bradycardia became more pronounced a consider- 

able rise im both these pressures occurred. These effects are illustrated in 

| Figs. 2-6. Table 2 shows the values for left and right atrial pressures before 
and after poisoning with an anticholinesterase. 

\ Comparison of the changes in pulmonary arterial and left atrial pressures 

| shows that inmost experiments sarin and TEPP caused a considerable reduction 

in the pressure gradient across the pulmonary vascular bed (mean pulmonary 
arterial pressure minus mean left atrial pressure). The progressive nature of 
this change can be seen in the experiments illustrated in Fig. 5 in which the 
pulmonary arterial and left atrial pressures are plotted on the same ordinate 
so that the pressure gradient across the pulmonary vascular bed is indicated 
by the distance between the two plots. 

+ In a few experiments simultaneous measurement of the peripheral venous 
pressure was made from the central end of a branch of a femoral vein. It was 
found that sarin and TEPP invariably caused a rise in venous pressure. The 
typical effect is shown in Fig. 2. 

The effects of anticholinesterases on the systemic, pulmonary arterial and 
atrial pressures were found to be the same in two preparations in which the 

' heart and lungs were denervated (see Methods). Similar results were obtained 

in bilaterally adrenalectomized and in splenectomized preparations. 

The increases in systemic and pulmonary arterial pressures caused by 
injection of an anticholinesterase were not often well maintained, and after 
reaching their maximum values began to fall again. It is not unlikely that this 
was largely the result of myocardial failure through prolonged asphyxia. When 

_ death seemed inevitable atropine was given to save the preparation. Ina few 

instances, however, spontaneous recovery from the initial injection of sarin 
or TEPP occurred. Such an experiment is shown in Fig. 3. It will be observed 
that the rise in pulmonary arterial pressure was maintained almost through- 
out the whole period of observation of the drug’s action despite the systemic 
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Fig. 3. Dog, 9, 15-4 kg. Morphine-chloralose. Positive constant pressure ventilation. i 
pressure, 11 cm H,O. Respiration pump stroke, 260 ml. Measurement of blood flow to the 
left diaphragmatic lobe. In A, TEPP, 0-15 mg/kg, was injected intravenously. Record’B 
starts 5} min after injection, C 114 min, D 16} min and H 324 min. The values on the venti- 
lation overflow volume record are those for the calculated tidal air volume (ml.). Heart rate 
in beats/min. 


blood pressure falling to 45 mm Hg 11 min after injection of TEPP (0). At 
the same time the left atrial pressure was considerably elevated, whereas the 
pressure gradient across the pulmonary vascular bed was reduced. About 
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32 min after poisoning (HZ), the systemic blood pressure, heart rate and left 
and right atrial pressures returned to their original values, but the pulmonary 
arterial pressure was still raised. This experiment is also illustrated in Fig. 5 
(Expt. 88). 

It was necessary to find out whether comparable effects occurred in 
preparations breathing spontaneously. One experiment under Nembutal 
anaesthesia was made in which the chest was closed after insertion of the left 
atrial and pulmonary arterial cannulae. The pneumothorax was reduced and 
spontaneous respiration restored. The effects of 30 wg/kg of sarin on the 
pulmonary arterial and left and right atrial pressures were similar to those 
described above (Expt. 39 in Table 3). 


Effects of anticholinesterases on pulmonary blood flow 

In twelve experiments on dogs anaesthetized with either chloralose or 
Nembutal, sarin and TEPP caused a considerable reduction in total pulmo- 
nary blood flow, pulmonary lobar flow and in venous return. In some experi- 
ments the blood flow subsequently recovered, although it never reached its 
original level except in one experiment (Fig. 3). 

The values for blood flow before and after poisoning with an anticholin- 
esterase are given in Table 2. The average reduction in total pulmonary blood 
flow was 41-7 % (range 32-49 % in three experiments), in venous return, 15-5 ° 
(one experiment) and in pulmonary lobar blood flow, 45-5°% (range 16-75% 
in eight experiments). 

In four experiments the fall in blood flow was preceded by an initial rise. 
This oceurred in the experiment in which venous return was measured 
(Expt. 53 in Fig. 5) and in three experiments in which measurement of 
pulmonary lobar flow was made (Figs. 3, 5). The venous return increased from 
925 to 1270 ml./min representing a change of 37-3 °%. Values for the increase in 
pulmonary lobar flow were 5, 25 and 67 % respectively. There was an accom- 
panying rise in pulmonary arterial pressure in all four experiments and an 
increase in heart rate and systemic blood pressure in two of them. 

The changes in pulmonary arterial pressure and in pulmonary blood flow 
may be compared by reference to Fig. 5, in which various parameters have 
been plotted for six experiments. The initial changes in pressure and flow were 
invariably in the same direction, that is, the initial rise in pulmonary arterial 
pressure followed by the precipitous fall were accompanied by a rise and fall 
in pulmonary blood flow respectively. Then the pulmonary arterial pressure 
and flow gradually recovered; but whereas in seven of the twelve experiments 
the pulmonary arterial pressure rose above its original level, the pulmonary 
flow remained considerably below its control value. This is evident from the 
data presented in Table 2 and indicates that, in anticholinesterase poisoning, 
an increase in pulmonary arterial inflow resistance occurs. 


| 


ad 


a Pk 


8 


its 


SARIN AND PULMONARY CIRCULATION 261 

Changes in pulmonary vascular resistance. In four experiments in which the 
pulmonary vascular resistance was calculated from the pressure gradient 
across the pulmonary vascular bed and total pulmonary blood flow or venous 
return, an increase in resistance occurred in three and a decrease in one. These 


4. , 1S3kg. M ine-chloralose. Chest open. Positive constant pressure venti 
ent the left diaphragmatic lobe. At a, TEPP, O16 mg/kg, injected 
intravenously. At 6 and c, atropine, 2 and 3 mg respectively, injected intravenously. 
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effects are shown in Fig. 5 and it will be noted that the increase in vascular 
resistance was only maintained temporarily. These variations in pulmonary 
vascular resistance during each experiment account for the fact that according 
to Table 2A and B an increased resistance occurred in only two preparations. 
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Fig. 5. The effect of anticholinesterases upon heart rate (beats/min), pulmonary arterial pressure 
(mm Hg), left atrial pressure (mm Hg), blood flow (1./min and ml./min), systemic blood pressure 
(mm Hg), total peripheral resistance (mm Hg/ml./min x 100) and pulmonary vascular 
resistance (mm Hg/ml,/min x 1000 for Expts. 73, 74, 77 and 53; x100 for Expts. 78 
and 88) in six. different experiments. The blood flows refer to total pulmonary flow 
(Expts. 73, 74 and 77), venous return (Expt. 53) and pulmonary lobar flow (Expts. 78 and 88). 
Values for pulmonary arterial pressure are those measured distal to the rotameter. 


In seven experiments in which pulmonary lobar blood flow was measured, 
the vascular resistance of the left diaphragmatic lobe increased in three, 
decreased in three and showed no change in one (Fig. 5 and Table 2C). 

Changes in total peripheral vascular resistance. In four experiments in which 
total pulmonary blood flow or venous return was measured an increase in 
total peripheral vascular resistance occurred, In two of these the increase was 
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preceded by a fall. The results are summarized in Table 2.4 and B. In Fig. 5 
it will be observed that with the exception of Expt. 74, in which the heart 
stopped beating 2} min after injecting TEPP, the increase imvascular resistance 
was not maintained, but returned to its original value within 4-13 min. 

The results of three of these experiments suggest that the increase in 
peripheral vascular resistance is the result of active vasomotor changes rather 
than of the passive collapse of the blood vessels through the fall in systemic 
blood pressure and cardiac output. For instance, in Expt. 73 the initial 
pressure gradient across the peripheral vascular bed was 114 mm Hg and the 
pulmonary blood flow 1560 ml./min. Then 2} min after poisoning with TEPP, 
the pressure gradient fell by only 4 mm Hg to 110 mm Hg, but the blood flow 
was reduced to 860 ml./min. This represents an increase in peripheral vascular 
resistance of 76%. Comparable values in the other two experiments were 69 
and 18% respectively. 


Effect on external work of left and right ventricles 

Calculation of the normal values for external work performed by the left 
and right ventricles were made in four experiments. The mean value for left 
ventricular external work was 2-15 kg.m/min for a mean cardiac output of 
1-39 L/min or 1-55 kg.m/l. of blood pumped. The mean value for right ventri- 
cular external work was 0-33 kg.m/min for a mean cardiac output of 1-39 1./min 
or 0-24 kg.m/l. of blood pumped. The effects of anticholinesterases were as 
follows. In three experiments there was a gradual reduction in external work 
of left and right ventricles; in the fourth experiment a similar effect was 
observed but it was preceded by an increase in external work of the ventricles. 
The external work expended by each ventricle to pump each litre of blood 
increased slightly in one experiment, remained unchanged in two and decreased 
in one. | 

The mean control values for stroke work of left and right ventricles were 
12-1 and 2-02 g.m/min respectively (three experiments, nos. 73, 74 and 77 of 
Table 2). After the injection of an anticholinesterase, the left ventricular 
stroke work increased progressively from 13-6 to 51-0 g.m/min in one experi- 
ment; in two others it underwent little change. The right ventricular stroke 
work diminished in all three experiments to a mean value of 1-07 g.m/min. 


Changes in arterial blood 
The above cardiovascular effects occurring on injection of anticholin- 
esterases were found to be independent of changes in the arterial haematocrit 
value. The mean value for eight experiments increased from 46-3 to 552% 
(Table 4). The typical effect is shown in Fig. 6. In another three animals (nos. 


94, 95 and 99 of Table 4), which were splenectomized, TEPP had a much 
reduced effect on the haematrocrit reading, the mean value increasing from 50-8 
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Tasxz 4. Effect of TEPP on the arterial blood haematocrit concentration in dogs anaesthetized 


with morphine-chloralose 
Haematocrit (%) 
Expt. r 
no. Control After TEPP Remarks 
Control dogs 

87 38 46 
88 49-5 58 Open chest, artificial 
96 50-5 57-5 i 
97 44-5 56- 
98 40 52-5 
91 49 53 Closed chest, spontaneous 
92 48 60-5 
93 50-5 58 

Mean 46-3 55-2 

Splenectomized dogs 
94 53 53 Closed chest, spontaneous 
95 49 51 respiration 
99 50-5 53 Open chest, artificial 
respiration 
Mean 50-8 52-3 


Fig. 6. Dog, 3, 12-7 kg. Morphine-chloralose, Closed chest; spontaneous respiration. Plotted on 
the same time scale are values for the arterial blood haematocrit concentration (@) and 
apparent viscosity (©). At first arrow +, TEPP, 0-15 mg/kg, injected intravenously. At 
second arrow +, atropine, 2 mg, injected intravenously. Other signal marks relate to the 

taking of blood samples. There is an interval of 4 min between the two tracings. 
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to 523%. In these experiments the effects on respiration and the cardio- 
a system were similar to those occurring in non-splenectomized 

ogs. 
In two dogs, determinations of the apparent viscosity of arterial blood were 
made and the results obtained from one of them are shown in Fig. 6. It will 
be noted that within 4 min of the injection of TEPP, the haematocrit reading 
increased from 48 to 60% and the apparent viscosity from 4-6 to 6-3. mmepalar 
result was obtained in the second experiment. 


Effect of atropine 

In eight open-chest preparations poisoned with an anticholinesterase the 
response to atropine was delayed up to 14 min when given via a femoral vein: 
this delay was probably due to the slowed circulation rate. In doses varying 
from 0-13 to 0-46 mg/kg atropine caused a tachycardia and a rise in systemic 
and pulmonary arterial pressures and in pulmonary blood flow to levels 
considerably in excess of their control values before poisoning. The pressures 
and flow then slowly declined to reach a steady level. Both the left and right 
atrial pressures and the peripheral venous pressure fell almost immediately 
atropine took effect. Occasionally, however, the fall of left atrial pressure was 
preceded by a rise. These responses are illustrated by Figs. 2b and 4b, c. There 
was a reduction in haematocrit reading and in apparent viscosity, but in none 
of the experiments did they return to their control values (Fig. 6). 

After atropine further doses of sarin or TEPP up to twenty times the initial 
dose had no effect on cardiovascular pressures or on pulmonary blood flow. 
Pulmonary ventilation, being maintained artificially at a constant peak 
inflationary pressure, was also unaffected. 

In closed-chest preparations breathing spontaneously, the effects of sarin on 
the cardiovascular system after the injection of atropine depended on the 
ability of the animal’s own respiratory mechanism to maintain an adequate 
ventilation. In two such atropinized preparations (Table 3 and Fig. 7), sarin 
had no effect on systemic, pulmonary or atrial pressures until respiration 
became depressed. Then the pulmonary arterial pressure gradually increased 
with little or no change in systemic blood pressure or in left and right atrial 
pressures. Finally, as the heart failed the systemic and pulmonary arterial 
pressures fell while the atrial pressures increased. The rise in pulmonary 
arterial pressure occurring on injection of sarin in atropinized preparations is 
probably the result of asphyxia, because it can be reversed by applying 
positive pressure artificial respiration. 
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Fig. 7. Dog, g, 11-5 kg. Nembutal. Closed chest; spontaneous respiration with 100% oxygen. 
Atropine 6 mg intravenously. At arrow +, sarin, 150 yg/kg, injected intravenously. 5 min 
elapsed between the two tracings. | 


DISCUSSION 


The results of these experiments have shown that intravenous injection of 
sarin or TEPP causes an increased lung ‘hindrance’, bradycardia, a rise or 
a fall in systemic blood pressure, a rise in pulmonary arterial pressure which is 
sometimes preceded by a fall, an increase in both left and right atrial pressures 
and a diminution in cardiac output. Although most experiments were carried 
out on preparations which were artificially ventilated at a constant peak 
inflationary pressure, one experiment was made on a spontaneously breathing 
dog and this showed similar pressure changes on injection of sarin. Various 
aspects of these results will now be discussed in detail. | 


| Changes in bronchomotor tone 

In preparations artificially ventilated at a constant peak inflationary 
pressure, sarin and TEPP invariably caused a reduction in tidal air volume. 
A temporary increase then occurred which was followed by a further reduction, 
in some instances to zero. These changes in tidal air volume are probably 
largely the result of bronchomotor phenomena. In the doses used, however, 
anticholinesterases cause considerable pulmonary congestion, which is known 
to decrease the distensibility of the lungs (Basch, 1889) and the possibility 
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that this may contribute to the observed changes in tidal air volume cannot 
be excluded. Even so, no consistent relationship was found between the 
reduction in tidal air volume and the changes in pulmonary arterial or left 
atrial pressures; and furthermore, in the initial stages of poisoning the tidal 
air diminished before there was any change in these pressures. Similar reduc- 
tions in tidal air volume also occurred in perfused lung preparations in which 
the left atrial pressure was maintained constant (Daly, 1957; Daly & Wright, 
1957). 

Our experiments shed little new light on the mechanism of this broncho- 
constriction, which has been observed previously by many other workers to 
be the result of injection of anticholinesterases. The effect has been attributed 
to an action of the agents on vagal ganglion cells (Heymans, 1950; Heymans 
et al, 1956), or to an action peripheral to the ganglia (Koelle & Gilman, 1949; 
Daly, 1957) such as by accumulation of acetylcholine at vagal post-ganglionic 
nerve endings or by a direct action of anticholinesterases on the effector cells. 
In the entire animal two further mechanisms involving an increase in vagal 
tone may contribute. First, bronchoconstriction may be partly reflex in 
origin through stimulation of the baroreceptors of the carotid sinus and arch 
of the aorta by the rise in systemic blood pressure (Daly & Schweitzer, 1951). 
This reflex bronchoconstrictor response was found to be potentiated by eserine 
and a similar effect would be expected to occur as a result of injection of sarin 
or TEPP. Secondly, bronchoconstriction may be the result of a central effect 
of changes in arterial blood pO, and pCO, resulting from depression of 
pulmonary ventilation (Daly, Lambertsen & Schweitzer, 1953). As is well 
known, the bronchoconstrictor effect of anticholinesterases is antagonized by 
atropine, a finding which was confirmed in the present experiments. This 
effect of atropine, however, does not allow us to differentiate between the 
various mechanisms by which anticholinesterases might cause broncho- 
constriction in our experiments. 

A frequent finding was a temporary partial release of bronchoconstriction 
occurring a few minutes after poisoning. We have at present no direct evidence 
as to the mechanism of this effect, but since it usually appeared at a time when 
there was an expected increase in sympathetic tone and liberation of hormones 
from the suprarenal medulla (Daly & Wright, 1956), it seems not unreasonable 
to suppose that these two mechanisms may be responsible for it. 


Mechanism of the changes in systemic blood pressure 
The changes in systemic blood pressure were nearly always accompanied by 
a fall in cardiac output. In this connexion Holmstedt (1951) also found in 
rabbits that an infusion of ethyl NN-dimethylphosphoramidocyanidate 
(tabun) caused a fall in cardiac output, determined by the direct Fick method. 
In our experiments the total peripheral vascular resistance increased after 
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injection of sarin or TEPP and this must be attributed largely to vaso- 
constriction occurring in skin, muscle and in the splanchnic vascular bed as a 
result of an increase in sympathetic tone and increased secretions from the 
suprarenal medulla (Daly & Wright, 1956). The contribution of other vascular 
territories to the changes in peripheral vascular resistance is at present 
unknown, and our results do not exclude the possibility that vasodilatation 
may occur in some of them. Because the total peripheral vascular resistance 
usually increased in anticholinesterase poisoning, the initial fall in systemic 
blood pressure must be entirely the result of the observed reduction in cardiac 
output; the subsequent recovery of the pressure to levels in excess of the 
control value is due to the progressive increase in peripheral vascular resistance. 
In instances where, after poisoning, the systemic blood pressure increased 
progressively, the most important mechanism is again an increase in peri- 
pheral vascular resistance although a rise in cardiac output may sometimes 
contribute to the initial response. 


Mechanism of the changes in pulmonary arterial pressure 

Previous observations on the changes in pulmonary arterial pressure in 
anticholinesterase poisoning have been limited to those occurring in the 
Starling type of heart-lung preparation in the dog. Whereas a rise in pulmonary 
arterial pressure occurred on injection of sarin (K. M. Wilson, personal com- 
munication), fairly large doses of prostigmine had no appreciable effect 
(Mendez & Ravin, 1941). 

In the present experiments the type of pulmonary arterial pressure response 
most frequently observed on injection of sarin or TEPP was an initial fall 
followed by recovery to a level exceeding its control value. This initial fall in 
pressure was accompanied by a rise in left and right atrial pressures and by a 
fall in pulmonary blood flow, which were most probably the result of the 
bradycardia. It has been shown previously that bradycardia induced in other 
ways causes similar effects. Injection of large doses of acetylcholine (Johnson, 
Hamilton, Katz & Weinstein, 1937; Friedberg, Katz & Steinitz, 1943), or 
electrical stimulation of the caudal cut end of the cervical vagosympathetic 
nerve (Bradford & Dean, 1894; Johnson et al. 1937; Hamilton, Woodbury & 
Vogt, 1939; Campbell, Haddy & Visscher, 1949) causes a fall or no change in 
pulmonary arterial pressure and a rise in both left and right atrial pressures. 
A diminution of pressure gradient across the lungs occurred in these instances, 
as it did after injection of an anticholinesterase. 

The gradual recovery of the pulmonary arterial pressure following the 
initial fall may, in part, be the result of partial recovery of the pulmonary 
blood flow. But this clearly cannot be the whole explanation because in more 
than half the experiments the pulmonary arterial pressure rose above its 
control value despite a persistent. reduction in pulmonary blood flow. Pul- 
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monary hypertension in anticholinesterase poisoning must, therefore, be 
attributed solely to an increase in pulmonary arterial inflow resistance. In 
support of this view is the finding of Daly & Wright (1957) that in preparations 
in which the blood flow to part of the pulmonary vascular bed was maintained 
constant by perfusion, anticholinesterases invariably caused a rise in pul- 
monary arterial perfusion pressure. 

Our experiments do not enable us to draw any definite conclusions as to the 
cause of the increased pulmonary arterial inflow resistance, but it is not 
unlikely that a back pressure effect of the rise’in the left atrial pressure plays 
an important part (Daly & Wright, 1957). The changes in pulmonary vascular 
resistance (Ap/fiow) are difficult to interpret in terms of pulmonary vasomotor 
effects unless changes in calibre of the blood vessels caused passively through 
variations in pulmonary arterial pressure, secondary to changes in cardiac 
output, and/or pulmonary venous pressure can be excluded (Edwards, 1951; 
Haddy & Campbell, 1953; Borst, McGregor, Whittenberger & Berglund, 1956; 
Daly & Wright, 1957). It was possible to eliminate these passive effects in 
only one experiment. In this TEPP caused an initial increase in pressure 
gradient across the pulmonary vascular bed without change in pulmonary 
blood flow, suggesting it was due to an increase in pulmonary vascular 
resistance. But it is not possible to say whether this effect is the result of active 
constriction of some part of the pulmonary vascular bed proper or is passive 
through bronchoconstriction or through a change in systemic blood pressure 
altering the volume of blood traversing the communicating channels between 
the bronchial and pulmonary vascular systems (Berry & I. de B. Daly, 1931). 
This problem in relation to anticholinesterase poisoning is discussed in more 
detail elsewhere (Daly, 1957; Daly & Wright, 1957). 

Changes in arterial haematocrit reading. The cardiovascular effects of TEPP 
occurred independently of the increase in haematocrit reading and in apparent 
viscosity of arterial blood. These latter effects are probably brought about by 
addition of red cells to the circulating blood through emptying of the blood 
stores of the spleen; for they were much reduced or abolished in the splen- 
ectomized animal. No experiments have been made which would indicate the 
mechanism of contraction of the spleen in anticholinesterase poisoning but the 
increase in sympathetic discharge and increased secretions from the supra- 
renal medulla (Stewart & Rogoff, 1921; Daly & Wright, 1956) may play an 
important part (Schafer & Moore, 1896). 


Therapeutic effects of atropine 
After poisoning with an anticholinesterase, atropine usually restored the 
systemic, pulmonary arterial and left and right atrial pressures to their 
original levels, provided an adequate pulmonary ventilation was maintained. 
The respiratory minute volume was reduced in atropinized, spontaneously 
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breathing dogs injected with large doses of anticholinesterases. When this 
occurred, the pulmonary arterial pressure increased but it was only just 
before death that any appreciable rise in left atrial pressure occurred. This 
rise in pulmonary arterial pressure is probably due to asphyxia because it can 
be reversed by applying artificial respiration. A similar effect of asphyxia on 
the pulmonary circulation has been observed previously (Lichtheim, 1876; 
Openchowski, 1882) and is probably the result of an increase in cardiac output 
(Harrison & Blalock, 1927) and of pulmonary vasoconstriction (Lohr, 1924; 
Nisell, 1948). 

The efficacy of the combined treatment of anticholinesterase poisoning with 
atropine and by the application of artificial respiration is well known. Our 
results on the haemodynamic effects of this therapy indicate that of particular 
importance is its effect of lowering the pulmonary arterial and left atrial 
pressures, thereby reducing pulmonary congestion and the tendency to 
formation of pulmonary oedema. In this connexion, Luisada & Sarnoff (1946) 
showed in the dog that pulmonary oedema caused by eserine could be pre- 
vented by atropine. On the systemic circulation this combined therapy 
results in an improvement in peripheral blood flow. For although the systemic 
blood pressure may not change appreciably, the increase in peripheral vascular 
resistance due to the injection of the anticholinesterase is diminished through 
a reduction in sympathetic vasoconstrictor tone (Daly & Wright, 1956). 


SUMMARY 


1. A study has been made of the cardiovascular actions of two potent 
inhibitors of cholinesterase, sarin and TEPP, in anaesthetized dogs with open 
chest and ventilated artificially. Simultaneous measurements of systemic and 
pulmonary arterial pressures, left and right atrial pressures and pulmonary 
blood flow were made. 

2. Intravenous injections of these anticholinesterases caused broncho- 
constriction, bradycardia and a rise or fall in systemic blood pressure. The 


. pulmonary arterial pressure initially fell and this fall was accompanied by a 


decrease in pulmonary blood flow. The pulmonary arterial pressure then 
gradually recovered, often to levels considerably in excess of its control value, 
despite a persistent reduction in pulmonary blood flow indicating an increase 
in pulmonary arterial inflow resistance. Occasionally pulmonary hyper- 
tension occurred without the initial fall in pressure. These responses were 
invariably accompanied by a considerable rise in both left and right atrial 
pressures and in peripheral venous pressure. 

3. The pulmonary vascular resistance (Ap/flow) increased, decreased or 
underwent no change. The total peripheral vascular resistance increased as 
a result of active vasoconstriction. 


4. Atropine injected after poisoning with an anticholinesterase restored the 
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systemic, pulmonary arterial and left and right atrial pressures to their 
original value. The pulmonary blood flow also returned to its original value. 
These effects occur provided the pulmonary ventilation is restored to normal. 

5. Injections of large doses of anticholinesterases into atropinized open- 
chest preparations artificially ventilated had no effect on pulmonary vascular 
pressures or on pulmonary blood flow. 

6. In atropinized closed-chest preparations breathing spontaneously, anti- 
cholinesterases caused a rise in pulmonary arterial pressure when the respiratory 
minute volume became reduced. This rise in pressure was probably the result 
of asphyxia because it could be reversed by applying artificial respiration. 


My thanks are due to Miss Mary J. Scott for help in some of the experiments, to Mr D. R. Bacon 
for technical assistance and to the Medical Research Council and Royal Society for grants de- 
fraying part of the expenses of this work. The sarin and TEPP were kindly supplied by an 
Establishment of the Ministry of Supply. 
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THE EFFECTS OF ANTICHOLINESTERASES UPON PULMONARY 
VASCULAR RESISTANCE IN THE DOG. 


By M. pe BURGH DALY* P. G. WRIGHT} 
From the Department of Physiology, University College London 
(Recewed 2 July 1957) 


Ina previous study (Daly, 1957 a) it was found that anticholinesterases caused 


variable changes in pulmonary vascular resistance (Ap/flow). It was not 
possible to establish with certainty their cause because they might have been 
brought about not only as a result of alterations in vasomotor tone but also 
passively through changes in pulmonary blood flow and in left atrial pressure 
(Laux, 1930; Edwards, 1951; Haddy & Campbell, 1953; Borst, McGregor, 
Whittenberger & Berglund, 1956). The object of the present experiments was 
to gain further information on the effects of anticholinesterases on pulmonary 
vascular resistance under conditions in which these passive mechanisms were 
excluded. 7 


METHODS 

Dogs, varying in weight from 6-5 to 26-3 kg, were anaesthetized with either chloralose (0-1 g/kg 
body weight, 1.v.) preceded by morphine hydrochloride (1-2 mg/kg, subcutaneously), or pento- 
barbitone sodium (Nembutal, Abbott Laboratories, Ltd., 40-45 mg/kg, intraperitoneally). In 
a few experiments the dogs received premedication with morphine hydrochloride (3 mg/kg, sub- 
cutaneously) and about half an hour later, 0-25 ml./kg 1.v. of a 1:1 mixture of Dial (Ciba Labora- 
tories, Ltd., diallylbarbituric acid 0-1 g and urethane 0-4 g/ml.) and pentobarbitone. Two hours 
later another injection of morphine (1-5 mg/kg) was given. 

The systemic blood pressure was measured from a femoral artery by means of a mercury mano- 
meter and the heart rate by the method described by Daly & Schweitzer (1950) using a Thorp 
impulse counter (Thorp, 1948). 


Measurement of changes in pulmonary vascular resistance 

Two types of experiment were performed in which part of the pulmonary vascular bed was 
perfused with blood at constant volume inflow. 

(1) Autoperfusion experiments. Part of the pulmonary vascular bed, usually the whole of the 
left lung, was perfused by the method of I. de B. Daly & Duke (1948). The chest was opened in 
the third left intercostal space or by splitting the sternum in the mid line. By means of a Dale- 
Schuster pump blood was drawn from the right atrium or from a small reservoir connected to the 
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right atrium and perfused through a cannula inserted into the distal portion of the left pulmonary 
artery ligated close to ite origin. The whole of the right ventricular output therefore passed through 
the right lung. Pulmonary arterial perfusion pressure was measured from the side arm of the 
inflow cannula by means of a Marey tambour. A cannula was inserted into the left atrium through 
the auricular appendix, and the pressure measured with a vertical saline manometer, the open 
end of which was connected to a small volume recorder. In other experiments the left diaphrag.- 
matic lobe only was perfused, the cannula being inserted into its lobar artery. 

In some of these experiments the pulmonary venous pressure was maintained constant by one 
of two methods. In the first the left atrial cannula was connected to a large diameter glass reser- 
voir which was immersed in a water-bath at 37° C. The level of blood in the reservoir was adjusted 
initially to the same height as that registered on the saline manometer measuring left atrial 
pressure. Thus, a tendency towards a rise or fall in the left atrial pressure was compensated by the 
transference of blood between the left atrium and the reservoir. Since large and sudden changes in 
pressure usually occurred, it was found necessary, to ensure complete compensation, to alter the 
height of the reservoir in the appropriate direction while the changes in left atrial pressure were 
taking place. A second method was adopted in those experiments in which the left diaphrag- 
matic lobe only was perfused. The pulmonary veins draining this lobe usually converge to form 
only one vein before entering the left atrium and this vein was therefore cannulated towards the 
lobe. Since the vein was sometimes very short, it was found more convenient to cannulate it 
through the appendix of the left atrium; the cannula was then tied into the vein extraperi- 
cardially. The blood from the lung lobe drained into a small reservoir and was returned to the 
animal at a constant rate. 

In all experiments, the values for pulmonary arterial and left atrial pressures were taken with 
reference to the level of the mitral valve as zero. 

The lungs were artificially ventilated at a constant peak inflationary pressure which varied 
between 8 and 14 cm water in different experiments (Konzett & Réssler, 1940). The ventilation 
overflow volume, that is the volume of air not entering the lungs but spilling over the constant 
pressure device, was measured by means of a small Krogh spirometer or from the slope of the 
trace produced by collecting the air continuously in a 51. spirometer (Daly, 19576), The lungs 


pn Ores sparfintel tangs. Experiments were carried out in which the whole of the left lung of 
a dog was isolated and perfused with venous blood from a donor animal. The method of perfusing 
the isolated lung was similar to that described by Daly (19575) exceptathat the cannula was 
inserted into the left pulmonary artery instead of into the main pulmonary trunk. The right lung 
was tied off at the hilum. 

The method used is shown diagrammatically in Fig. 1. The water-jacketed reservoir a received 
blood from a cannula inserted through the right external jugular vein into the inferior vena cava 
of the donor dog. This reservoir was placed a few centimetres below the level of the inferior vena 
cava and so was kept filled with blood by gravity. When the blood rose to a certain level in the 
reservoir, determined by the position of two platinum wires, an electrical circuit was completed 
and this actuated an electromagnetic clamp 6 on the rubber tube feeding blood from the inferior 
vena cava. In this way the level of the blood in the reservoir and hence the pressure on the 
input side of the Dale-Schuster pump c was maintained constant. The blood was pumped through 
the warming coil d and then into the left pulmonary artery of the isolated lung. The pulmonary 
arterial perfusion pressure was measured from a side arm of the inflow cannula. Blood leaving the 
isolated lung through a cannula in the left atrium drained into the small reservoir ¢ and thence 
into the cannulated left external jugular vein of the donor. In this way, blood returning from the 
isolated lung had to pass through the lungs of the donor dog before being perfused through the 
isolated lung again from the inferior vena cava. The height of the end of the outflow tube from the 
left atrium was maintained constant 2-5 cm above the level of the mitral valves. The volume of 
blood in reservoir a, pump and connecting tubes to the left pulmonary artery was about 120 ml. 
Ventilation of the isolated lung was carried out artificially at a constant peak inflationary 
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pressure as described above. In other experiments ventilation was by means of an intermittent 
negative pressure applied to the outside of the lungs. The trachea cannula was connected to a 
conventional closed circuit respiratory system and tidal air volume was measured with a small 
spirometer. The carbon dioxide was absorbed in two soda-lime towers, and the flow of oxygen 
into the system was controlled by an adjustable needle valve, thus allowing the limiting lines of 
the tidal air tracing to be set horizontal before poisoning with an anticholinesterase. Changes in 
the slope of the tidal air tracing therefore indicate alterations in oxygen uptake by the lungs 
provided their functional residual capacity remains unchanged. 

The donor animal breathed spontaneously, and its tidal air volume was measured using a 
similar closed circuit respiratory system. When necessary, artificial respiration was applied by 
means of a Starling ‘Ideal’ pump. 

In some autoperfusion and cross-perfusion experiments, h tocrit estimations were performed 
on blood samples taken from the cannula in the left pulmonary artery. The blood was centrifuged 
in Wintrobe tubes at 3000 rev/min for 30 min. 


To manometer 


Donor isolated left 
Inferior : Left 
pol 
Left atrium 
Left external 
jugular vein 


Fig. 1. Diagram showing the method of cross-perfusion of the isolated left lung with venous blood 
from the inferior vena cava of a donor dog. a, water-jacketed blood reservoir; b, electro- 
magnetic clamp; c, Dale-Schuster pump; d, warming coil; e, reservoir. Water at 37° C was 
passed through the jacket of reservoir a and around the coils of d. For further details see 
text. 


Calculation cf changes in pulmonary vascular resistance. When the blood flow remains constant, 
the pressure gradient across the vascular bed, i.e. mean pulmonary arterial perfusion pressure 
minus mean left atrial pressure (mm Hg), varies with the vascular resistance. Since the blood flow 
was not measured in every experiment, the change in vascular resistance was expressed in terms 
of a percentage change of the initial pressure gradient across the lungs. 


Pressure gradient—flow relationship of the pulmonary vascular bed 

To establish more fully the mechanisms concerned in the changes in pulmonary vascular 
resistance produced by anticholinesterases, it was necessary to determine the pressure gradient— 
blood flow relationship of the pulmonary vascular bed at different levels of left atrial pressure. 
This was done in two experiments in which the left lung was isolated and perfused with heparinized 
blood. The pulmonary arterial perfusion pressure and flow were varied by altering the height of 
a small reservoir which was connected to the pulmonary arterial cannula. This reservoir was 
supplied with blood from a larger reservoir by means of a Dale-Schuster pump and an overflow 
device maintained the level in it constant. The pressure was, therefore, non-pulsatile. Blood from 
the left atrium was returned to the large reservoir. The left atrial pressure was varied by altering 
pressur-, *-2 min was allowed for the pressures and flow to stabilize. Left atrial blood flow was 
measured with a graduated cylinder and stopwatch. 

In all experiments the blood was rendered incoagulable with heparin (Liquemin, Roche 
Products, Ltd., 7-8 mg/kg). Half this dose was repeated every 30 min. isoPropylmethylphos- 
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phonofluoridate (sarin) in a 1:1000 aqueous solution, and tetraethylpyrophosphate (TEPP), 
1% aqueous solution, were given into a femoral vein. Other drugs used were: atropine sulphate 
(British Drug Houses), hexamethonium bromide (Vegolysen, May and Baker, Ltd.), adrenaline 
chloride solution, with chloretone (Parke, Davis and Co.) and t-noradrenaline 
(Levophed, Bayer Products, Ltd.). 


In experiments involving autoperfusion of the whole or part of the left lung it was necessary to 
take certain precautions to exclude mechanical effects as causes of the changes in pulmonary 
arterial perfusion pressure produced by anticholinesterases. 

First, anticholinesterases often caused muscular twitching and sometimes generalized convul- 
sions, particularly under chloralose anaesthesia, It was necessary to make certain, therefore, that 
the pulmonary arterial cannula did not become displaced and so kink the left pulmonary artery. 
Lateral movement of the thoracic cage was prevented by firmly clamping either the two ribs 
exposed by the thoracotomy or alternatively the cut edges of the sternum. The pulmonary 
arterial cannula was also supported by a clamp. Secondly, anticholinesterases invariably cause 
a considerable increase in right atrial pressure (Holmstedt, 1951; Daly & Wright, 1956). If the 
input side of the pump perfusing the lung lobes is connected directly to the right atrium, the 
resulting rise in inflow pressure to the pump might increase ite output and so lead to a spurious 
interpretation of events taking place in the pulmonary circulation. Repeated tests showed, 
however, that no change in output of the pump occurred when the input pressure was varied over 
the range of pressures found in the right atrium in these experiments. In half the experiments the 
technique was modified slightly so as to obviate this rise in pressure on the input side of the pump 
by allowing it to draw its blood from a small reservoir connected by rubber tube to the right 
atrium. The method used was similar to that described above for cross-perfusion experiments. 
Thirdly, in experiments in which changes in heart volume were measured by means of a Henderson 
(1906) type of cardiometer, sarin, in doses similar to those used in the present investigation, 
invariably caused an increase in diastolic volume of the heart (M. de B. Daly & P. G. Wright, 
unpublished), It is conceivable, therefore, that in experiments involving autoperfusion of the 
left lung changes in pulmonary arterial perfusion pressure might result from compression of the 
lung through an increase in weight of the heart. In some experiments this was prevented by 
opening the thorax widely and taking the weight of the heart off the perfused lung with the aid 
of threads tied to the intact pericardium. To minimize the mechanical effects of movements of 
the diaphragm, both phrenic nerves were crushed. Final proof that the observed changes in 
pulmonary arterial perfusion pressure occurring in autoperfusion experiments were not the result 
of extrinsic mechanical effects was obtained in the cross-perfused isolated lung preparations. 


RESULTS 
The effect of anticholinesterases on tidal air volume 
In all experiments, sarin, in doses of 25-40 ug/kg, or TEPP, 0-1-0-3 mg/kg, 
was injected into a femoral vein. These anticholinesterases invariably caused 
a diminution in tidal air volume as indicated by an increase in ventilation 
overflow volume. Occasionally there was a temporary recovery of the tidal 
air volume about 3} min after poisoning. These effects are similar to those 
described by Daly (1957) and are illustrated by Fig. 2. 

The percentage diminution in tidal air volume occurring in cross-perfused 
lung preparations was nearly always much smaller than that occurring in 
autoperfusion experiments. This is illustrated by Fig. 5, which shows the effect 
of 30 g/kg sarin on the tidal air volume measured directly. 
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Atropine, in doses of 0-2-0-4 mg/kg intravenously, almost invariably restored 
the tidal air volume to normal. Such an effect is illustrated by Figs. 2 and 5. 


Fig. 2. Dog, g, 144kg. Morphine-chloralose. Autoperfusion of the left lung. Constant peak 
inflationary pressure respiration. Respiratory pressure, 11-5om H,O. Respiration pump 
stroke volume, 340 ml. Values for the pressure gradient across the lungs (mean pulmonary 
arterial pressure minus mean left atrial pressure) have been plotted separately. The figures 
on the ventilation overflow volume record are those for the calculated tidal air volume 
(in ml.). Time marker, 10 sec. At a, TEPP, 0-15 mg/kg. At 6, atropine, 2mg. Inc, TEPP, 
10 mg/kg. Both drugs were given intravenously. In this and in subsequent figures: 


T.A.=tidal air volume; V.O.V.=ventilation overflow volume; L.A.P.=left atrial | 


pressure; P.A.P.=pulmonary arterial perfusion pressure; B.P.=systemic blood pressure; 
H.R. =heart rate. 


Effects of sarin and TEPP on pulmonary vascular resistance 

Autoperfusion experiments 

The results of four experiments in which the whole of the left lung was 
perfused at constant blood volume inflow are summarized in Table 1 A. Both 
sarin and TEPP caused slowing of the heart, a fall in systemic blood pressure 
and, in all instances, a considerable rise in pulmonary arterial perfusion 
pressure, The response occurring in one experiment is shown in Fig. 2a. It 
had been found previously (Daly, 1957a) that anticholinesterases cause a 
considerable rise in left atrial pressure. In the present experiments the pressure 
in the left atrium invariably showed a larger rise than that in the left pulmonary 
artery, so the pressure gradient across the perfused lung, the mean pulmonary 
arterial perfusion pressure minus the mean left atrial pressure, diminished. 
This is illustrated by Fig. 2 in which the pressure gradient across the pulmonary 
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vascular bed of the perfused lung has been plotted separately. Since the blood 
flow through the lung remained constant, the pulmonary vascular resistance 
decreased. The average reduction in vascular resistance in the four experiments 
was 30-1 % (range 25-37-5%) (Table 1 A). 

Two observations suggested that the increase in left atrial pressure was, at 
least in part, responsible for the rise in pulmonary arterial perfusion pressure 
and also for the fall in vascular resistance by passive distension of the vascular 
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Fig. 3.. Dog, 3, 15-6 kg. Isolated left lung perfused through the pulmonary artery with its own 
heparinized blood. No ventilation. The effect of raising the left atrial pressure on the pressure 
gradient—blood flow relationship. (Left) The relation between pulmonary artery blood flow and 


pressure gradient across the pulmonary blood vessels (pulmonary arterial pressure minus left 
atrial pressure). Curve A was obtained with the left atrial pressure maintained constant at 
2-5mm Hg, curve B at 11 mm Hg and curve C at 2-5 mm Hg, in that order. (Right) The relation 


between pulmonary arterial blood flow and pulmonary vascular resistance y= (=r 


The jiata used to construct curves A’, B’ and OC’ were the same as for curves A, B and C 
respectively. 


bed. First, the general trend of the changes in pulmonary arterial perfusion 
pressure closely followed those of the left atrial pressure. This can be seen in 
the experiment illustrated by Fig. 2. Secondly, evidence obtained from 
experiments on isolated perfused lungs may be cited. In these, the relation- 
ship between the pressure gradient across the pulmonary vascular bed and 
blood flow was determined at various levels of left atrial pressure. The results 
of the typical experiment are shown in Fig. 3. Control curve A was obtained 
with the left atrial pressure 2-5 mm Hg and shows a convexity towards the 
pressure axis, confirming the results of Laux (1930), Edwards (1951), Hall 


(1953), Williams (1954) and of Borst et al. (1956). Curve B was obtained with - 


the left atrial pressure maintained constant at a higher level (11 mm Hg). 
The left atrial pressure was then lowered to 2-5 mm Hg and curve ( was 
obtained. It will be noted that curve B falls to the left of control curves A 
and C, indicating that at elevated levels of left atrial pressure the pulmonary 
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vascular resistance decreases. In Fig. 3 the relationship between blood flow and 
vascular resistance is also shown. Curve B’, obtained with a raised left atrial 
pressure, is shifted to the left of the control curves A’ and C’, so that at any 
given blood flow the pulmonary vascular resistance is diminished by an 
increased left atrial pressure. The data presented by Edwards (1951) and by 
Williams (1954) showed that, with normal left atrial pressure, the pulmonary 
vascular resistance increased with decreasing flow rates and pressures. This is 
also true of lungs in which the left atrial pressure is maintained at a higher 
level than normal (Fig. 3) as found by Borst et al. (1956). 

The results indicate, therefore, that in anticholinesterase poisoning the 
observed decrease in pulmonary vascular resistance occurring in autoperfusion 
experiments can be attributed to passive distension of the pulmonary blood 
vessels through the rise in left atrial pressure. To what extent changes in 
calibre of the vessels through active vasomotor effects contribute to this 
response cannot be assessed from these experiments. This question can only 
be resolved when the conditions are such that the pulmonary blood flow is 
maintained constant and, in addition, the left atrial or pulmonary venous 
pressure is compensated. 

Five such experiments were performed and the results are summarized in 
Table 1B. In all these experiments, sarin or TEPP caused a rise in perfusion 
pressure, The average rise in pressure was approximately half that occurring 
in autoperfusion experiments in which the pulmonary venous pressure was 
not compensated. This suggests that in the latter experiments, the rise in 
pulmonary arterial perfusion pressure is due, in part, to back pressure from 
the increase in left atrial pressure. Since in four of the five experiments 
(nos. 5-8) shown in Table 1 B there was no change in left atrial or pulmonary 
venous pressure, the rise in pulmonary arterial perfusion pressure must be the 
result of an increase in pulmonary vascular resistance. The average increase 
in the four experiments was 31-9% (range 10-5-51-5%). In the fifth experi- 
ment, no. 9 of Table 1 B, the left atrial pressure was not fully compensated, 
and this experiment was not included therefore in the series from which mean 
values for changes in pulmonary vascular resistance were calculated. The 
response occurring in one of these experiments is shown in Fig. 4. It may be 
noted in this experiment that, as occurred in the others, there was a delay in 
the onset of the rise in perfusion pressure and then it was a gradual one 
reaching a maximum about 3 min after injection of sarin. 

Cross-perfusion experiments 

The results of three experiments in which the left lung was isolated and 

perfused with venous blood from the inferior vena cava of a donor dog are 


summarized in Table 2 (Expts. nos, 10-12). Sarin or TEPP was injected into 
a femoral vein of the donor dog and a rise in pulmonary arterial perfusion 
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pressure, indicating an increase in vascular resistance, occurred in all three 
experiments {Fig. 5a). In one of these experiments (no. 12 of Table 2), the 
donor animal was bilaterally adrenalectomized so that the rise in pulmonary 
arterial perfusion pressure cannot be the result of the secretion of hormones 
from the suprarenal medulla (Stewart & Rogoff, 1921; Daly & Wright, 1956). 


Fig. 4. Dog, g, 11 kg. Nembutal; autoperfusion of the left lung; constant peak inflationary 
pressure ventilation; left atrial pressure maintained constant with a compensator. Time 
marker, 10 sec. At a, sarin, 30 ug/kg intravenously. At b, atropine, 5 mg intravenously. 


At the height of the pulmonary vascular response occurring in one of the 
experiments, hexamethonium (100 mg) was injected into the pulmonary 
arterial inflow tubing. This had no effect on the pulmonary arterial perfusion 
pressure, suggesting that the pressure rise was not due to an action of the 
anticholinesterase on intrapulmonary ganglia. 

The observed increases in pulmonary arterial perfusion pressure were found 
to occur independently of changes in the haematocrit value of the pulmonary 
arterial blood. In a previous study it was shown that anticholinesterases 
caused an increase in the systemic arterial haematocrit value through emptying 
of the blood stores of the spleen (Daly, 1957a). In some of the present experi- 
ments blood samples drawn from the left pulmonary arterial cannula showed a 
similar increase in haematocrit value, but the time of onset of this effect and 
of the rise in pulmonary arterial perfusion pressure were different. Further- 
more, in one experiment a rise in perfusion pressure occurred without change 
in the haematocrit value of the pulmonary arterial blood. 


> 
] 
4 
q 
7 
‘ 
£ 
4 
> 
~ 
a 
< 
4 
4 


282 M. DE BURGH DALY AND P. G. WRIGHT 


Fig. 5. Cross-perfused isolated lung preparation; recipient dog, ¢, 8-5 kg; negative pressure 
ventilation; left atrial pressure maintained constant, Donor dog (3, 13-0 kg) was anaesthe- 
tized with Nembutal. Records from above downwards; tidal air volume (inspiration down- 
wards) and pulmonary arterial pressure of the perfused lung, and systemic blood pressure of 
the donor dog. Time marker, 10 sec. At a, sarin, 30 ug/kg body weight of donor dog injected 
intravenously. At b, atropine, 5 mg, was injected into the input side of the pump and there- 
fore passed through the perfused lung before reaching the donor animal. 


TaBie 2. Cross-perfusion experiments. Changes in pulmonary vascular resistance and tidal air 
volume in the isolated left lung preparation perfused at constant volume inflow with venous 
blood from the inferior vena cava of a donor dog. Artificial respiration was carried out at 
either a constant positive or negative peak inflationary pressure. The left atrial pressure 
remained constant. Sarin or TEPP was injected via a femoral vein of the donor animal 


Pulm. art. 
Tidal air perfusion Pulm. vascular 
volume pressure resistance 
(ml.) (mm Hg) (as % change 
Expt. . A of pressure 

no. Drug Before After Before After gradient) Remarks 
10 Sarin 95 60 12 13-5 +125 — 
ll TEPP 146 142 175 200 +143 —_ 
12 Sarin 76 64 10-5 13-5 + 28-6 Donor adrenalectomized 
13 TEPP 88 88 160 26-0 +56 Donor adrenalectomized 


es 


at 


Se 


ESE 


& 


7 . 
F 
7 a 
> 
a 
4 
i 
| 
a 


SARIN AND PULMONARY VASCULAR RESISTANCE 283 


Effect of atropine on pulmonary vascular resistance 

The effect of atropine, in doses of 0-2-0-5 mg/kg intravenously, was 
tested after poisoning with an anticholinesterase. In autoperfusion experi- 
ments carried out without compensating the left atrial pressure, atropine 
caused an immediate fall in pulmonary arterial perfusion pressure and in left 
atrial pressure. The typical effect is shown in Fig. 2b. The pulmonary vascular 
resistance which was decreased by TEPP was now restored almost to its 
original value. 

In autoperfusion experiments in which the pulmonary venous pressure of 
the perfused lobes was maintained constant, and also in cross-perfused isolated 
lung preparations, atropine injected after the anticholinesterase had a slightly 
different effect; it caused a fall in perfusion pressure in two stages. The first 
fall occurred almost immediately on injection of atropine and was usually 
smaller than the second fall which took several minutes to reach its final level. 
Examples of this type of response are shown in Figs. 46 and 56. The delayed 
fall in pulmonary arterial perfusion pressure may have been the result of 
failure of some of the vascular channels to dilate again for mechanical 
rather than persistence of some stimulus to the smooth muscle of the vialls 
of the blood vessels. This possibility seems unlikely, however, because if 
after injecting atropine the vascular bed was distended by momentarily 
increasing the output of the perfusion pump, there still occurred this charac- 
teristic slow fall in perfusion pressure. 

It is suggested that in the cross-perfused isolated lung preparation the fall 
in pulmonary arterial perfusion pressure on injection of atropine is the result 
of two different mechanisms: one of these is by antagonizing the action of the 
anticholinesterase on the pulmonary blood vessels (Daly, 1957); the other is 
an effect resulting from improvement of pulmonary ventilation in the donor 
animal. The evidence for this is as follows. If after poisoning with an anti- 
cholinesterase atropine was injected into the input side of the perfusion pump, 
so as to reach the isolated lung before the donor animal, an immediate small 
fall in perfusion pressure occurred. Such an effect is shown in Fig. 56, 
although in this case the pressure recovered again. It may be noted, however, 
that the initial pulmonary vascular effect of atropine took place 40 sec before 
there was any effect on the donor animal as indicated by the change in heart 
rate and systemic blood pressure. We interpret this initial fall in pulmonary 
arterial perfusion pressure as being due to abolition of the vasoconstrictor 
effect of the anticholinesterase on the pulmonary blood vessels. 

The secondary more gradual fall in perfusion pressure only occurred when 
the donor dog’s respiratory minute volume, which was reduced by injection 
of the anticholinesterase, was restored to its original value by atropine. If 
respiratory depression persisted after atropine, the pulmonary arterial 
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perfusion pressure remained elevated. But if artificial respiration was now 
applied to the donor dog the pressure was restored to its original level. These 
results suggest that in these preparations the increase in pulmonary vascular 
resistance caused by anticholinesterases is, in part, the result of asphyxia of 
the donor dog. 


Fig. 6. Cross-perfused isolated lung preparation. Recipient dog, g, 11-4kg; constant peak 
inflationary pressure ventilation; initial tidal air volume, 56 ml. Donor dog, ¢, 15-0 kg; 
morphine-Dial-Nembutal; spontaneous respiration. Records from above downwards: 
ventilation overflow volume and pulmonary arterial perfusion pressure of the isolated left 
lung, and systemic blood pressure, tidal air volume (inspiration upwards) and heart rate 
of the donor dog. Atropine, 5 mg. Time marker, 10 sec. TEPP, 10 mg/kg body weight of 
donor dog, was injected intravenously at a. Artificial respiration (constant volume) was 
applied to the donor dog between arrows + +. 


Further evidence in support of this view was obtained by injecting large 
doses of sarin or TEPP into the atropinized cross-perfused isolated lung 
preparation. In these atropinized preparations the direct effect of anti- 
cholinesterases on the pulmonary blood vessels was eliminated (Daly, 1957). 
It was found that there was no effect on the pulmonary arterial perfusion 
pressure until respiration of the donor dog became depressed, and then a rise in 
pressure occurred. Such a response was obtained in the experiment illustrated 
by Fig. 6, in which 10 mg/kg TEPP was injected into the atropinized prepara- 
tion. Application of artificial respiration to the donor dog 4 min after injection 
of TEPP restored the pressure almost to its original level. When artificial 
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respiration was stopped, spontaneous respiratory efforts were still absent and 
the pulmonary arterial perfusion pressure gradually increased again, It may 
be noted in this experiment that there was a delay of about 1} min after 
applying artificial respiration before the pulmonary arterial perfusion pressure 
began to fall. This was probably due in part to the dead space in the reservoir, 
pump and connecting tubes. These changes in pulmonary vascular resistance 
occurred without any alteration in tidal air volume as indicated by the venti- 
lation overflow volume (Fig. 6). 


Fig. 7. Same experiment as in Fig. 6; initial tidal air volume of isolated left lung, 57 ml. Donor 
dog artificially ventilated at constant volume. Atropine, 5 mg. Time marker, 10 sec. The 
ventilating gas of the isolated left lung was changed temporarily from air to 5% O, in N, 
in A, and from air to 10% CO,, 21% 0, in N, in B. In C, adrenaline, 3 yg, was injected 
into the pulmonary arterial inflow tube to the isolated lung. «x, artifact. ‘ 


Asphyxia of the donor dog occurring as a result of injection of an anti- 
cholinesterase could only produce its effect on the isolated lung by blood- 
borne agents. These are probably changes in pO, and pCO, of the venous 
blood perfusing the lung and increased secretions from the suprarenal medulla. 
In this connexion the increase in pulmonary vascular resistance of 56° 
occurring in Expt. no. 13 (Table 2), in which the donor dog was bilaterally 
adrenalectomized, cannot have been due to increased secretions of suprarenal 
medullary hormones. 

In view of the importance of asphyxia as a cause of the increase in pulmonary 
vascular resistance in anticholinesterase poisoning, tests were made of the 
effects of altering the alveolar gas tensions and of adrenaline on pulmonary 
vascular resistance. 
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Effects of changes in alveolar gas tensions and of adrenaline 

In two of three atropinized cross-perfused lung preparations, changing the 
ventilating gas of the isolated lung from air to 5% O, in N,, or to 10% CO,, 
21% O, in N,, or to 5% O,, 10% CO, in N, resulted in a rise in pulmonary 
arterial perfusion pressure. The effects occurring in one of these experiments 
are shown in Fig. 7.A and B. In one experiment these gas mixtures had no effect. 

In two similar preparations the effects of altering the oxygen and carbon 
dioxide contents of the inspired air of the donor dog were observed while the 
isolated lung was ventilated with air. It was found that changing the inspired 
gas from air to 5% O, in N, or to 10% CO,, 21% O, in N, caused pulmonary 
vasoconstrictor responses in the isolated lung. A similar response occurred in 
another experiment on increasing the respiratory dead space of the donor dog 
which was bilaterally adrenalectomized (Fig. 8). In these tests there was no 
change in tidal air volume of the perfused left lung. 


Fig. 8. Cross-perfused isolated lung preparation. Recipient dog, $, 19-3 kg; constant peak 
inflationary pressure ventilation (air); respiratory pump stroke volume, 100 ml. Donor dog, 
3, 20-6 kg; morphine-Dial-Nembutal; spontaneous respiration ; bilaterally adrenalectomized ; 
atropine 5mg. Records from above downwards: ventilation overflow volume and 
pulmonary arterial perfusion pressure of the isolated perfused left lung, and systemic blood 
pressure of the donor dog. Time marker, 10 sec. Between arrows + +, the donor dog was 
asphyxiated by increasing the respiratory dead space. 


a 
4 
m 
in 
i we 
ar 
| vé 
va 
m 


SARIN AND PULMONARY VASCULAR RESISTANCE 287 


In confirmation of other workers (see I. de B. Daly, 1933; also Konzett & 
Hebb, 1949), adrenaline and noradrenaline injected into the pulmonary 
arterial inflow tubing caused pulmonary vasoconstrictor responses. The effect 
of an injection of 3 yg adrenaline is shown in Fig. 7C. 


DISCUSSION 


Our results have shown that in preparations in which part of the pulmonary 
bed is perfused at constant blood volume inflow, anticholinesterases cause an 
increase in pulmonary arterial perfusion pressure, indicating an increase in 
pulmonary arterial inflow resistance. This confirms the results of Daly (1957 a) 
who showed in the entire animal that the pulmonary arterial pressure increased 
despite a considerable reduction in pulmonary blood flow. The present experi- 
ments show that this increased inflow resistance is the result of two effects: 
a back pressure effect of the increase in left atrial pressure, and an increase in 
pulmonary vascular resistance. This latter effect can only be demonstrated 
when the passive effect of the increased left atrial pressure is excluded. In 
this connexion Dirken & Heemstra (1948) observed that administration of an 
eserine aerosol to the right lung of the spontaneously breathing rabbit resulted 
in a reduction in the oxygen uptake by this lung relative to the total uptake 
by both lungs. They interpreted this as due to weak pulmonary vaso- 
constriction. Administration of an acetylcholine-eserine aerosol in the same 
way caused a pronounced vasoconstriction together with a diminution in tidal 
air volume of the lung. These effects were abolished by the aadition of 
atropine to the aerosol. 


Mechanism of increase in pulmonary vascular resistance 

In the entire animal, changes in pulmonary vascular resistance (Ap/flow) 
may occur passively as a result of alterations in pulmonary blood flow, 
respiration and left atrial pressure. In some autoperfusion experiments and 
in all cross-perfused isolated lung preparations these passive mechanisms 
were excluded by controlled perfusion of part of the pulmonary vascular bed, 
by artificial ventilation of the lungs and by maintaining the left atrial or 
pulmonary venous pressure constant. In these preparations, therefore, the 
increase in pulmonary arterial perfusion pressure occurring on injection of an 
anticholinesterase must have been the result of an increase in pulmonary 
vascular resistance. 

As will become evident from the discussion below, there are several 
mechanisms by which anticholinesterases may cause an increase in pulmonary 
vascular resistance. We have been unable to distinguish many of these because 
other variables could not be conveniently controlled in the present experi- 
ments. Neverthess, by a process of exclusion it has been possible to obtain 
suggestive evidence as to one definite cause for the increase in pulmonary 
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vascular resistance occurring in the cross-perfused lung preparation which was 
originally designed to exclude mechanical effects on the lungs (see Methods). 
We are, however, unable to express a definite opinion as to the part played 
by other mechanisms which were excluded in these experiments. 

Mechanisms affecting pulmonary vascular resistance have been reviewed 
recently by I. de B. Daly (1956) and may be classified as passive, nervous, 
humoral and chemical. The possible contribution of each of these to the 
increase in pulmonary vascular resistance produced by anticholinesterases is 
summarized in Table 3 for the two types of preparation used in the present 
investigation. For comparison, information obtained from the isolated lung 
preparation perfused with its own blood (Daly, 19575) has been included in 
Table 3. 


TaBLe 3. Summary of the possible mechanisms contributing to the increase in pulmonary 
vascular resistance occurring in response to injection of sarin or TEPP in the autoperfused 
lung preparation, the cross-perfused lung preparation, and in the isolated lung perfused with 
its own blood (Daly, 19576). In all preparations the lungs were perfused at constant blood 
volume inflow and the left atrial pressure was maintained constant. For details, see text 


Cross-perfused isolated 
Auto- lung preparation Isolated 
perfused - A perfused 
lung Non-atro- Atro- lung 
Mechanism preparation prinized pinized preparation 
Passive Bronchomotor t+ t+ 0 t+ 
Bronchial circulation : 
Changes in bronchial arterial 
ure + 0 0 0 
in bronchial vasomotor 
tone ? 0 0 0 
Nervous Central and/or reflex ? 0 0 0 
ioni ? 0 0 0 
Humoral Anticholinesterase + 0 
Accumulation of acetylcholine 
ullary hormones ? ? or OF ? or O* 0 
hormones ? ? ? 0 
Chemical Changes in alveolar pO, and pCO, + + + 0 


+ =Contributes to increase in vascular resistance. 
pulmonary 
* Donor dog adrenalectomized. 


Passwe mechanisms. Passive increases in pulmonary vascular resistance 
may be brought about through an increase in intrapulmonary pressure by 
bronchoconstriction. Scrutiny of our records showed, however, that the time 
course of the changes in the tidal air volume and pulmonary arterial perfusion 
pressure were often different both on injection of an anticholinesterase and 
subsequently on injection of atropine, and this suggests that the increase in 
pulmonary vascular resistance is, at least in part, independent of broncho- 
motor phenomena. In atropinized cross-perfused lung preparations the 
increase in pulmonary vascular resistance occurred without any change in 
bronchomotor tone. 
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Another passive mechanism affecting pulmonary vascular resistance is an 
alteration in the volume of blood traversing the communicating channels 
between the bronchial and pulmonary vascular systems (Berry & I. de B. 
Daly, 1931). This could result from changes in systemic (bronchial) arterial 
pressure or from alterations in bronchial arteriolar tone and contribute to the 
observed changes in pulmonary vascular resistance in autoperfusion experi- 
ments. But in cross-perfused isolated lung preparations such a passive 
mechanism can be excluded because the bronchial circulation was not perfused. 
Thus, in atropinized preparations of this type the observed increase in 
pulmonary arterial perfusion pressure occurring in the absence of changes in 
bronchomotor tone must be attributed to active constriction of the pulmonary 
vascular bed proper. 

Nervous effects. We are unable to say whether nervous influences on lung 
blood vessels contribute to the increase in pulmonary vascular resistance 
occurring on injection of sarin or TEPP. The upper thoracic sympathetic 
outflow contains pulmonary vasoconstrictor fibres (I. de B. Daly, Duke, 
Hebb & Weatherall, 1948) and such an effect would therefore be expected if 
these fibres were activated in anticholinesterase poisoning as are vasoconstrictor 
fibres to the peripheral vascular bed (Daly & Wright, 1956). In three atro- 
pinized autoperfusion experiments the functional activity of the sympathetic 
innervation to the lungs was tested by electrical stimulation of the left upper 
thoracic sympathetic chain, and this resulted in an increase in pulmonary 
vascular resistance in two of them;* there was no effect in the third experi- 
ment. In cross-perfused isolated lung preparations an increase in sympathetic 
discharge arising reflexly or centrally cannot be responsible for the pulmonary 
vasopressor effect of injected anticholinesterase. It is also unlikely that in this 
type of preparation the response is the result of an action of the anticholin- 
esterases on intrapulmonary ganglia because it was not influenced by 
hexamethonium. 

Humoral effects. It has been shown that in the isolated dog lung preparation 
perfused with its own blood, anticholinesterases cause an increase in pulmonary 
vascular resistance (Alcock, Berry & I. de B. Daly, 1935; Daly, 19570), either 
by a direct action on the pulmonary blood vessels or through accumulation of 
endogenous acetylcholine. This effect is abolished by atropine. 

Release of hormones from the suprarenal medulla by anticholinesterases has 
been described by Stewart & Rogoff (1921) and by Daly & Wright (1956) and 
may contribute to the pulmonary’ vascular response observed in the present 

* In a paper by Lee, Matthews & Sharpey-Schafer (1954), reference is made on p. 311 to 
unpublished data of M. de B. Daly (1954) to the effect that pulmonary arterial constriction 
by electrical stimulation of the stellate ganglion and of the cervical and thoracic vago- 
sympathetic system is small in the intact animal. One of us (M. de B. D.) wishes to state that 
this reference to his unpublished work is incorrect and that it was made by Lee et al. without his 
authority. 
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experiments. In cross-perfused lung preparations, however, bilateral adrenal- 
ectomy of the donor animal did not prevent a rise in pulmonary arterial 
perfusion pressure on injection of sarin or TEPP. The possibility that anti- 
cholinesterases release hormones from other parts of the body which contribute 
to the pulmonary vascular response cannot be excluded, but in this connexion 
the evidence presented by Daly & Wright (1956) indicated that, at least in the 
peripheral circulation, the effects of such vasoconstrictor substances were 
either absent or very small. 

Chemical changes. As a result of a diminution in pulmonary ventilation, 
anticholinesterases cause in the entire animal a fall in arterial oxygen content, 
a rise in arterial carbon dioxide content (Holmstedt, 1951), a decrease in 
alveolar pO, and an increase in alveolar pCO, (M. de B. Daly, unpublished). 
A similar change in alveolar gas tensions probably takes place in the isolated 
lung cross-perfused with venous blood because of the diminution in its alveolar 
ventilation resulting from the reduction in tidal air volume. These changes in 
alveolar gas tension, therefore, may be a cause of the observed increase in 
pulmonary vascular resistance. The literature on this subject has been re- 
viewed recently by Lilienthal & Riley (1954) and by Rahn (1955). In this 
connexion, we have shown, in confirmation of others (see Lilienthal & Riley, 
1954; Rahn, 1955), that increasing the carbon dioxide content of the inspired 
air causes pulmonary vasoconstriction. With regard to anoxia, Hall (1953) 
and Duke (1957) found in isolated perfused dog lung experiments that 
lowering the oxygen content of the inspired air caused pulmonary vaso- 
constriction. On the other hand, others have concluded that the local effect 
of anoxia is vasodilator (Aviado, Cerletti, Alanis, Bulle & Schmidt, 1952; 
Aviado, Ling, Quimby & Schmidt, 1954). In the present experiments, we had 
an opportunity of investigating the effect of anoxia in the cross-perfused 
isolated lung preparation. It was found that changing the ventilating gas of 
the perfused lung from air to 5% O, in N, invariably caused an increase in 
pulmonary vascular resistance. This response occurred in the absence of 
changes in tidal air volume and must be attributed to a direct action on the 
pulmonary blood vessels. 

The evidence presented strongly suggests that changes in alveolar gas 
tensions occurring in anticholinesterase poisoning are an important mechanism 
contributing to the observed increase in pulmonary vascular resistance. Not- 
withstanding a possible action of circulating hormones other than those from 
the suprarenal medulla, the response occurring in the atropinized cross- 
perfused isolated lung preparation in which the donor animal was adrenal- 
ectomized must be attributed to this mechanism, because all other known 
causes had been excluded (Table 3). Although the tidal air volume and hence 
alveolar ventilation of the atropinized isolated lung remained unchanged after 
poisoning with an anticholinesterase, a decrease in alveolar pO, and an increase 
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in alveolar pCO, would be expected because the pulmonary arterial blood 
became more venous in composition owing to depression of pulmonary venti- 
lation in the donor dog. This pulmonary vascular response is probably due to 
constriction of pulmonary capillaries and/or venules, although the possibility 
cannot be ruled out that at the same time dilatation of the pulmonary arteries 
or arterioles occurs (Nisell, 1951). 

It is difficult to say to what extent our results are transferable to the entire 
animal breathing spontaneously, in which changes in pulmonary vascular 
resistance may be determined more by passive effects of cardiac and respira- 
tory events than by direct effects on the lung blood vessels themselves. Our 
experiments do in fact provide evidence that the increase in vascular resistance 
through pulmonary vasoconstriction is masked by passive distension of the 
pulmonary vascular bed through the rise in left atrial pressure. Furthermore, 
events occurring in the pulmonary circulation of animals with closed thorax 
may be considerably modified by trapping of air in the lungs resulting from 
severe bronchoconstriction and the increase in intrapleural pressure fluctua- 
tions (de Candole, Douglas, Evans, Holmes, Spencer, Torrance & Wilson, 1953; 
Krop & Kunkel, 1954). Further studies on the circulation in closed chest 
preparations are therefore required before an assessment can be made of the 
extent to which such mechanisms as these modify pulmonary haemodynamicsin 
anticholinesterase poisoning. 

SUMMARY 

1. The effects of two potent inhibitors of cholinesterase, isopropylmethyl- 
phosphonofluoridate (sarin) and tetraethylpyrophosphate (TEPP), ad- 
ministered intravenously, have been investigated upon the pulmonary 
vascular resistance in anaesthetized dogs. The whole or part of the left lung 
was perfused at constant volume inflow with blood either from the right 
atrium of the same animal artificially ventilated or from a donor dog breathing 
spontaneously, 

2. Sarin and TEPP, in doses of 25-40 yg/kg and 0-1-0-3 mg/kg respectively, 
caused slowing of the heart, a fall in systemic blood pressure and a rise in left 
atrial pressure. The pulmonary arterial perfusion pressure rose, indicating an 
increase in pulmonary arterial inflow resistance. 

3. When the passive effect of the increase in left atrial pressure was 
excluded, anticholinesterases still caused a rise in pulmonary arterial perfusion 
pressure, indicating an increase in pulmonary vascular resistance. The possible 
causes of this increased vascular resistance are discussed, and it is concluded that 
the response is due in part to constriction of the pulmonary vascular bed proper. 

4. In animals poisoned with an anticholinesterase, atropine caused tachy- 
cardia, and restoration of the systemic blood pressure and left atrial pressure. 
The pulmonary arterial perfusion pressure fell to its control level provided 
pulmonary ventilation was restored to normal. 


q 
J 
| 

3 
4 
| 
¢ 


292 M. DE BURGH DALY AND P. G. WRIGHT 


Our thanks are due to Mr D. R. Bacon for technical assistance and to Miss Mary J. Scott for 
help in some of the experiments. Part of the expenses of this work were defrayed from grants from 
the Medical Research Council and the Royal Society to one of us (M. de B. D.). One of us (P. G. W.) 
was in receipt of a personal grant ftom the Medical Research Council. The sarin and TEPP was 


kindly supplied by an Establishment of the Ministry of Supply. 


REFERENCES 


Axcook, P., Berry, J. L. & Daty, I. pe B. (1935). The action of drugs on the pulmonary 
circulation . Quart. J. exp. Physiol. 25, 369-392. 

Aviano, D. M., Jr., A., P. H. & Scumipt, C. F. (1952). Effects of 
anoxia on pressure, resistance and blood (P*) volume of pulmonary vessels. Amer, J. 
Physiol. 169, 460-470. 

Aviano, D. M., Live, J. 8. L., Quimey, C. W., Jn. & C. F. (1954). Additional role 
of reflex pulmonary vasoconstriction during anoxia. Fed. Proc. 18, 4-5. 

Berry, J. L. & Dany, I. pe B. (1931). The relation between the pulmonary and bronchial 
vascular systems. Proc. Roy. Soc. B, 109, 319-336. 

Borst, H. G., MoGrecor, M., Wuirrensencer, J. L. & Beroiunp, E. (1956). Influence of 

onary arterial and left atrial pressures on pulmonary vascular resistance. Circulation 
. 4, 393-399. 

Daty, L. pz B. ten Reactions of the pulmonary and bronchial blood vessels. Physiol. Rev. 

13, 149-184 


Daty, IL. pe B. (1956). vasomotor nerve activity and its possible functional 
significance. In Pulmonary Ci ion and Respiratory Function. University of St Andrew's. 
Edinburgh : Livingstone. 


Dany, L. pe B. & Duxsg, H. Papin Note on s method for the demonstration of pulmonary 
vasomotor fibres. Quart. J. exp. Physiol. 34, 151-158. 

Daty, I. pz B., Duxs, H., Hess, C. O. & Weatueratt, J. (1948). Pulmonary vasomotor 
fibres in the sympathetic chain and its associated ganglia in the dog. Quart, J. exp. Physiol. 
34, 285-313. 


Daty, M. pg B. (1957a). The cardiovascular effects of anticholinesterased in in the with 


Daty, M. ve B. ——- The effects of anticholinesterases on the bronchioles and 
blood vessels in isolated perfused lungs of the dog. Brit. J. Pharmacol. (in the Press). 
nS pe B. & Souwerrzer, A. (1950). A method of recording heart-rate on the kymograph. 
J. Physiol. 111, 50-52 P. 
Daty, M. pz B. & Wricnt, P. G. (1956). The effects of anticholinesterases upon peripheral 
vascular resistance in the dog. J. Physiol. 133, 475-497. 


C. A., Doveras, W. W., Evans, C. L., Hormzs, R., V., Torrance, 
R. W. & Watson, K. M. (1963). ‘The failure of by anticholinesterase 
466-475. 


Drexen, M. N. J. & Heemsrra, H. (1948). Agents acting on the lung circulation. Quart. J. 
Physiol. 34, 227-241. 

Epwarps, W. 8. (1951). Se a's inflation and epinephrine on pulmonary vascular 
resistance. Amer. J. 100 fan 


Hanon, 953). Pulmonary vascular resistance in anesthetized dogs. 
Amer. J. Physiol. 172, Me 761. 


Hatz, P. W., III (1953). Effects of anoxia on post-arteriolar pulmonary vascular resistance. 
Circulation Res. 1, 238-241. 


Henperson, Y. (1906). The volume curve of the ventricles of the mammalian heart, and the 
jcance of this curve in respect to the mechanics of the heart-beat and the filling of the 
ventricles. Amer. J. Physiol. 16, 325-367. 
Synthesis and pharmacology of dimeth hosphory! 
bun) together with a description of some ald com 
prema bige N-P Acta physiol. scand. 25, Suppl. 90 


Nu 


Ra 
Sr 


7 
K 
K 
Ka 
La 
Lz 
La 
4 
H 
'¢ 
4 


SARIN AND PULMONARY VASCULAR RESISTANCE 293 


Konzert, H. & Hess, C. O. (1949). Vaso- and bronchomotor actions of noradrenaline (arterenol) 
and of adrenaline in isolated perfused lungs of the dog. Arch. int. Pharmacodyn. 78, 210-224. 

Konzett, H. & Rossier, R. (1940). Versuchsanordnung zu Untersuchungen an der Bronchial- 
muskulatur, Arch. exp. Path. Pharmak. 195, 71-74. 

Krop, 8. & Konxen, A. M. (1954). Observations ——— of the anticholinesterases 
sarin and tabun. Proc. Soc. exp. Biol., N.Y., 86 ; 

Laux, L, (1930). Uber den Anteil der Kapazitats- und der Widerstandsinderungen der Lungen- 
bahn an den respiratorischen Schwankungen der Stromstirke. Pfliig. Arch. ges. Physiol. 


224, 110-120. 
Lez, G. pz J., Marraews, M. B. 
manoeuvre on the systemic and pulmonary arterial pressure in man. Brit. Heart J. 16, 


311-316. 

through the lung and diffusion of gases. Ann. Rev. Med. 5, 237-284. 

Nise, O. (1951). The influence of blood gases on the pulmonary vessels of the cat. Acta physiol. 
scand, 23, 85-90. 

Raun, H. (1955). Respiration. Ann. Rev. Physiol. 17, 107-128. 

Stewart, G. N. & Rooorr, J. M. (1921). 
the adrenals. VII. Physostigmine. J. Pharmacol. 17, 227-248. 

Tuorp, R. H. (1948). counter. Brit. J. Pharmacol. 3, 271-272. 


Wru1aMs, H. M., op ena Relationships between pulmonary artery pressure and blood flow in 
the dog lung. Amer. J. Physiol. 179, 243-245. 


> 
* 
é 


J. Physiol. (1957) 139, 294-305 


THE CORTICOSTERONE CONTENT OF RAT ADRENALS 
UNDER DIFFERENT EXPERIMENTAL CONDITIONS 


By MARGARETHE HOLZBAUER 
From the Pharmacology Department, University of Edinburgh 
(Received 17 July 1957) 


Determination of the quantities of hormones present in an adrenal cortex as 
an indirect method of studying adreno-cortical activity was until recently 
limited by the very small amounts of biologically active steroids present in it. 
A second limitation of this method was the fact that the relationship between 
hormone content and secretory activity was quite unknown. 

The difficulty set by the low corticosteroid concentration in adrenal tissue 
has been overcome by the micromethods developed in steroid chemistry 
during recent years, especially the paper chromatographic techniques. The 
second difficulty, namely the interpretation of the results in terms of secretory 
activity, can partly be overcome by measuring the amount of hormone released 
into the adrenal vein blood under comparable conditions. 

In the first part of the present work the nature of the main corticosteroids 
extractable from normal adrenals of different mammalian species was deter- 
mined. Next the corticosteroid content of adrenals was measured in rats 
which had been treated for several days with drugs known to change the 
structure and function of the adrenal cortex. The relation between content 
and rate of secretion of such adrenals was examined. Lastly, normal rats 
and rats with abnormal adrenals were killed either under conditions where 
any measures which might increase the secretion of ACTH were avoided 
or under conditions which greatly accelerated such secretion. By comparing 
the stores of corticoids in the adrenals of rats killed in these different ways 
the effect was determined of terminal secretion of ACTH on corticoid stores 
in the adrenals. 

METHODS 
Operative procedures 

Rats. Adult male Wistar rats from six different colonies (A, B, C, D, E, F) were used. The 
adrenals were obtained either from ‘unstressed rats’ or from ‘stressed rats’. ‘Unstressed rats’ 
were kept for a period of 1-10 days before the experiment in individual cages in a thermostatically 
controlled room (25° C), in order to avoid excitation or cooling. They were killed by rapid 
decapitation in the same room. ‘Stressed rats’ were exsanguinated under ether anaesthesia from 
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the cannulated carotid artery after heparin (1000 i.u./kg) had been injected into it. The whole 
procedure lasted approximately 15 min. The glands were dissected immediately after the death 
of the animal, weighed and either extracted forthwith or kept at - 16°C for not longer than 
24 hr. Adrenal vein blood was collected under pentobarbitone anaesthesia as described by Vogt 
(1955). 

Larger animals. Adrenal corticosteroid content and secretion were analysed in the monkey, dog, 
cat, rabbit and guinea-pig. The adrenals were excised immediately after death. Adrenal vein blood 
was collected from the cannulated adreno-lumbar or renal vein (Vogt, 1943). 


Chemical procedures 

Amounts of 50-400 mg of tissue were used, depending on the corticosteroid concentration 
expected. The steroids were extracted by homogenizing the tissue with five 2 ml. portions of 
ethyl acetate; the tissue residues were centrifuged off and the precipitates washed twice with 
5 ml. ethyl acetate. The purification procedure was similar to that described by Bush (1952) for 
blood extracts. It consisted of washing the combined supernatants by gentle shaking with con- 
secutive quantities of 2-5 ml. 0-2 n-Na,CO,, 2-5 ml. water and 2-5 ml. acidified (pH ~ 5) water. 
The bottom layers were drained off each time and re-extracted with ethyl acetate; the combined 
ethyl acetate extracts were then dried over Na,SO, and the solvent was evaporated under reduced 
pressure (approx. 160 mm Hg) at 50° C. The dry residue was taken up in 10 ml. acetone and in 
order to precipitate the phospholipids, 3 drops of a saturated ethanolic solution of MgCl, were 
added. After 15 min at — 16° C the precipitate was centrifuged off and washed with 5 ml. acetone. 
The combined supernatants were evaporated to dryness, freed from fats by distribution between 
petrol ether (b.p. 40-60° C) and 80% ethanol, and applied on paper (Whatman no. 1) for chromato- 
graphic separation of the individual steroids in the solvent system methanol: water: benzene 
(55:45:100, v/v), described by Bush & Sandberg (1953). The further procedure for qualitative 
and quantitative estimation was the same as that described for adrenal vein blood extracts 
(Vogt, 1955; Holzbauer & Vogt, 19574). The corticoids were identified by the soda-fluorescence 
test, which indicates the presence of an a,f8-unsaturated ketone group in ring A (Bush, 1952); 
by the reaction with ‘blue tetrazolium’, which is given by steroids containing the reducing 
a-ketol side chain in position 17 (Chen & Tewell, 1951); and by comparison of the R, values with 
those of the crystalline compounds. For quantitative purposes the corticosteroids were eluted 
from the paper, a reaction with blue tetrazolium was carried out in the test tube and the colour 
intensity of the reaction product measured in a Unicam Spectrophotometer. 

Recoveries. Since rat adrenals were never found to contain cortisol, 10 ng quantities were 
added to all samples of rat gland extracts before purification and the recoveries determined for 
each experiment. They averaged 75%. Since, however, corticosterone and cortisol were dealt 


with se during the elution process no correction was made for the figures obtained for 
corticosterone. 
Pre-treatment of long duration 


Adrenocorticotrophic hormone. Sixteen rate (B-colony) and six rats (E-colony) received ten 
daily subcutaneous injections of Cortrophin Z (Organon Laboratories; henceforth called ACTH, 
1 iu./rat/day). Eight B-rats were killed by exsanguination under ether, 8 B-rats and 6 E-rats by 
rapid decapitation. In the experiment with B-rats 4 glands were pooled for extraction; in that 
with E-rats all 12 glands were extracted together. 

Hexoestrol. Thirty-six rats received 5 or 6 daily injections of 0-2 ml. of a 0-2% solution in arachis 
oil. Thirteen rate (C-colony) were killed by exsanguination under ether anaesthesia and 4 or 6 
adrenals pooled for extraction. Twenty-three rats (F-colony) were killed by rapid decapitation 
and their adrenals divided into 4 samples. Simultaneously, twenty-one rats (F-colony) were 
injected with 0-2 ml. arachis oil/kg body weight/day for 5 or 6 days and served as controls. Their 
glands were extracted in three groups consisting of 12, 13 and 16 adrenals. 

Amphenone B, henceforth called amphenone (now considered to be 3,3-di(p-aminopheny])- 
butan-2-one dihydrochloride; Hoet, Renold, Hertz & Thorn, 1957), was fed by stomach tube for 
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8-10 days as a 5% solution in water at the dosage of 200 mg/kg body weight/day. Six rats of the 
E-, ten rate of the B-, and twenty-six rats of the F-colony were treated in this way. The B-rats 
were killed by exsanguination and their adrenals divided into three groups for extraction. All 
others were killed by rapid decapitation and 4, 10, 12, or 16 adrenals pooled for extraction. 
Sixteen control rats (F-colony) received daily for 8 days 1-5 ml. water by stomach tube. Their 
adrenals were extracted as 2 groups. 

All rate were killed 16~23 hr after the last drug administration. 


Treatment of short duration 

All rats used in these experiments were killed by rapid decapitation. In a first experiment the 
glands were obtained 2-3 hr after the subcutaneous injection of different drugs. Seventeen rats 
(B-colony) were kept for 4 days in individual cages in the thermostatically controlled room and 
were accustomed to injections by giving each rat 0-2 ml. of a 0-9% NaCl solution subcutaneously 
for 3 days. On the morning of the fourth day two rats were again injected with 0-2 ml. of saline 
2 hr before decapitation and served as controls. Five rate received 1 iu. ACTH per rat, 3 br 
before death; 5 rats 200 ug L-adrenaline base/kg 2 hr before death; and 5 rats 20 mg histamine 
dihydrogen phosphate/kg 2 hr before death. In a second experiment a short time interval and 
intraperitoneal injections were employed. A group of twelve rats (B-colony), kept singly in the 
warm room, received 1-0 ml./kg sterile saline intraperitoneally twice daily for 4 days. On the fifth 
day 6 rats were given 20 mg/kg histamine dihydrogen phosphate (pH 7-4) intraperitoneally, the 
remaining rate the same volume of 0-9% NaCl. Exactly 10 min after the injection the rats were 
killed by decapitation and the corticosterone concentration in the pooled adrenals of each group 
was cstimated. 


RESULTS 
Nature of steroids extractable from adrenals of different mammalian species 
The results obtained are presented in Table 1. They show that, in general, in 
any given species there was no difference between the pattern of the main 
steroids in adrenal glands and adrenal vein blood. With the exception of the 
rabbit the relative proportions of the different compounds in gland and blood 


extracts were also similar. The methods employed were not sensitive enough 
to detect aldosterone. 


TaB_Le 1. Comparison between corticosteroids found in adrenal glands 
and in adrenal vein blood of different mammalian species 


Adrenal gland Adrenal vein blood 
Specis EB E B 
Rat - +3 + +3 + 
+++ - + - - +++ (+4) (+) (+) 
Rabbit - - + +++ + (+) - + + + 
Cat ++ ? ++ + + ++ - ++ . + 
Dog +++ + ~ - +++ - + 
Monkey +++ - + - - +++ ~ + - - 
F, cortisol; E, cortisone; B, corticosterone; A, 11-dehydrocorticosterone; X, Bush’s compound 


X (probably 118-hydroxyandrostene-dione). Plus signs indicate the presence, minus the absence 
of a compound. (+) means very small quantities; +1, occasionally present. 


Rat. In the adrenal glands of rats, just as in their adrenal vein blood, the 
main identified compound present is corticosterone. In addition, two minor 
compounds were regularly observed, which also occur in adrenal vein blood. 
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One of them is somewhat more polar than corticosterone, absorbs ultraviolet 
light at 240 mp» and shows primrose fluorescence in ultraviolet light after 
treatment with strong alkali. It does not reduce blue tetrazolium readily. 
It was also observed by Vogt (1955) and by Reif & Longwell (1956) in adrenal 
vein blood of rats. As it is not always completely separated from the corti- 
costerone spot, the spots were always eluted together and the results expressed 
as corticosterone. The second minor compound is less polar than 11-dehydro- 
corticosterone and gives a positive soda fluorescence test. It is identical with 
Bush’s compound X in rat adrenal vein blood, and he provisionally identified 
it as 118-hydroxyandrostene-dione (Bush, 1953). In addition, a fourth com- 
pound was occasionally visible which had the same R» value as 11-dehydro- 
corticosterone. Treatment of rats with substances which caused quantitative 
changes in the corticoid content of the adrenals affected all steroids in the 
same direction. 

Guinea-pig. An extract of one guinea-pig adrenal contained mainly cortisol 
accompanied by a small amount of corticosterone. Some other faint not 
identified spots were visible. Adrenal vein blood of guinea-pigs contains 
mainly cortisol and small amounts of corticosterone, cortisone and ‘X’ 
(Vogt, personal communication), 

Rabbit. In twelve samples of rabbit adrenals a steroid indistinguishable 
from corticosterone was always present, but the main steroid compound had 
the Ry value of dehydrocorticosterone. The same substances, and traces of 
cortisol, occur in adrenal vein blood (Bush, 1953; Kass, Hechter, Macchi & 
Mou, 1954; Vogt, 1955), but their relative proportions are different. Whereas 
the ratio of dehydrocorticosterone to corticosterone is less than 1 in blood, it 
was invariably found to be greater than 1 in glandular tissue. 

Cat. After treatment with NaOH the chromatograms of two cat adrenal ex- 
tracts showed clear fluorescing spots in the region of cortisol and corticosterone, 
and faint spots in the region of 11-dehydrocorticosterone, cortisone and X. 

Dog. In an extract of the adrenal gland of a puppy the region of cortisol 
and corticosterone gave the soda fluorescence. There was also a small spot in 
the cortisone region. 

Monkey. The chromatogram of an extract of a monkey adrenal showed an 
intense soda fluorescence in the cortisol, and a weaker one in the corticosterone 
region. 

Corresponding steroid patterns were observed in adrenal vein blood extracts 
of the cat, dog and monkey, in confirmation of previous work by many workers 
(Bush, 1953; Farrell, 1953; Zaffaroni & Burton, 1953; and others). 

Semiquantitative estimates showed the total amount of steroids present in 
adrenals of the different species to be of the order of 10-100 ug/g tissue. These 
figures are at least ten times higher than those reported by Wettstein, Kahnt & 
Neher (1955) from ox adrenal extracts 2 hr after slaughter. 
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None of the precursor (,,-steroids (for example pregnenolone, progesterone, 
deoxycorticosterone) which can be transformed into corticosterone or cortisol 
when perfused through adrenals in vitro (Hechter, Zaffaroni, Jacobsen, Levy, 
Jeanloz, Schenker & Pincus, 1951) are present in amounts detectable in these 
experiments. Obviously synthesis from earlier precursors (presumably choles- 
terol) must take place very rapidly. 


Corticosterone in rat adrenals under different experimental conditions 
Normal rats 

When corticosterone concentrations were measured in the adrenals of rats 
which were killed under non-standardized conditions the figures obtained 
were inconsistent. However, it soon became evident that rats which were 
excited or exposed to some operative procedure before death stored more 
corticosterone in their adrenals than rats which were undisturbed and killed 
rapidly. To confirm this suspicion, adrenal corticosterone was estimated in 
rats which were killed in one of two ways: they were either killed by slow 
exsanguination under ether, a procedure which is a potent stimulus for the 
pituitary-adrenal system, or by rapid decapitation, the rats having been kept 
absolutely undisturbed for a period of at least 24 hr. These two different 
conditions of killing were employed in all further experiments. The first four 
rows of Table 2 summarize the results. The most striking point is the large 
increase in adrenal corticosterone concentration, when the animals had been 
exposed to the stress of exsanguination immediately before death. Variations 
were found between results from rats belonging to different colonies, but they 
were not as large as the difference between stressed and unstressed rats within 
one colony, which amounted to a fourfold increase. 

The amount of corticosterone present in 4-6 pooled adrenals of ‘ unstressed’ 
rats was usually in the region of 2 ug and the ultraviolet absorption of the 
spots in the chromatograms rather feeble. In samples containing such small 
quantities of steroids, impurities on the chromatograms could lead to over- 
estimates of nearly 50%. Therefore 20 adrenals of unstressed rats were pooled — 
and extracted together (group 5, table 2). Ultraviolet absorption in the corti- 
costerone region was clearly visible. The figures obtained were lower than 
when less tissue had been used. Since, however, these rats belonged to the 
D-colony, which had not been used before, it is difficult to decide whether the 
whole difference is due to previous over-estimates or has to be attributed to 
differences between strains. 

Information on the secretory performance of adrenals was obtained by 
measuring the amounts of corticosterone secreted into adrenal vein blood 
in @ given time. The experimental conditions were those of laparotomy under 
anaesthesia. Under these conditions the secretion rate approaches the maximal 
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capacity of the gland (Holzbauer & Vogt, 1957a). Exsanguination under 
ether was considered to be a stress comparable with that of collection of 
adrenal vein blood. The figures used in this work for purposes of comparison 
have been published elsewhere in connexion with other observations (Vogt, 
1957; Holzbauer & Vogt, 1957a, 6). The rats used in both sets of experiments 
were from the same colonies and the schedules for administration of drugs 
were the same. 

The secretion of corticosterone from twenty-six normal rats (B- and F- 
colonies) was determined as 29-1 +1-6 ug/g adrenal/min (mean +s.E. of the 
mean). The store of 81-1 «g/g would thus represent the amount secreted in 
2-8 min. 


Pre-treatment of long duration 

In the following experiments drugs were administered which cause structural 
changes in the adrenal cortex and alter the secretion rate of corticosterone. 
Their effect on corticosterone stores was studied. As there are apparently 
strain differences in the amount of corticosterone extractable from adrenals 
(a variation which was not evident when corticosterone secretion rate was 
measured), care was taken that control rats and experimental animals were 
from the same strain. 

Adrenocorticotrophic hormone. In the rats of groups 6, 7 and 8 (Table 2) 
10 daily injections of 1 iu. ACTH caused an increase in adrenal weight by 
about 100%. Under resting conditions adrenals of colony B contained the 
same amount of corticosterone per gram of gland as normal adrenals, but the 
corticosterone content per kg body weight was increased (group 6, Table 2). 
The unstressed ACTH-treated rats of the E-colony (group 8, Table 2) show 
essentially the same responses, Stores per gram of adrenal were little changed 
after ACTH, but per kg body weight, they were more than doubled. 

After stress the corticosterone content per gram of gland was slightly but 
significantly lower than that of stressed normal rats (compare groups 2 and 7, 
Table 2), but per kg body weight it was much greater. Parallel c occur 
in the secretion of such glands: per gram of gland the secretion rate is not 
increased, but per kg body weight it is significantly raised. 

The amount of corticosterone present in adrenals which were chronically 
stimulated by ACTH would be adequate to cover only 2 minutes’ secretion. 
There is some doubt, however, about the strict validity of this figure because 
the groups of rats used for corticosterone estimation in the glands responded 
with a much greater adrenal enlargement to the injections of ACTH than those 
used for the measurement of the secretion rate. 

Hexoestrol. Administration of hexoestrol to male rats causes inhibition of 
the maximal rate of corticosterone secretion; this has been interpreted as 
due to interference with cholesterol synthesis (Vogt, 1955). When rats were 
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injected with hexoestrol for 5 or 6 days and killed by exsanguination under 
ether, the corticosterone stores per gram of tissue were also found to be 
lower (group 11, Table 2). Calculation shows that the adrenals store an 
amount of corticosterone equivalent to that secreted in 2-8 min, as do normal 
adrenals. In contrast, the adrenals of unstressed rats treated with hexoestrol 
(group 10, Table 2) contained, per gram of tissue, slightly more corticosterone 
than glands of oil-treated controls and, per kg body weight, there was an 
increase by about 100°. This increase is similar to that observed in adrenals 
of unstressed rats which received 10 daily injections of ACTH (compare groups 
5 and 8, Table 2), and is probably due to the stimulation of the anterior 
pituitary by the hexoestrol. However, in contrast to rats treated with ACTH, 
further increase of corticosterone synthesis under conditions of severe stress 
is limited by the lack of cholesterol, so that stressed rats had lower stores than 
their controls. 

Amphenone (see p. 295). The interest on the effect of this substance on 
adrenocortical function was raised by Hertz and his collaborators (Hertz, 
Tullner, Schricker, Dhyse & Hallman, 1955) who observed considerable 
increase in adrenal weight and cholesterol content after feeding rats with it 
for 10-17 days. Under conditions of maximal stimulation the corticosterone 
secretion of such adrenals was found to be at the upper limit of normal when 
expressed as ug/g gland. However, the actual secretion, expressed as ug/kg 
body weight, was greatly increased (Vogt, 1957). When rats were fed for 10 days 
with amphenone and killed about 23 hr after the last dose by exsanguination 
under ether, their adrenals contained the same amount of corticosterone per 
gram of tissue as adrenals of normal rats. Per kg body weight, however, the 
stores were greatly increased (group 12, Table 2). The amount stored would 
cover the secretion of 2-6 min; thus the relation between stores and secretion 
rate is the same as in normal rats. 

When amphenone-treated rats were killed under resting conditions their 
adrenals usually contained, per gram of tissue, less corticosterone than the 
corresponding controls. When expressed as per kg body weight there was, 
however, no deviation from normal (compare groups 13 and 1 and groups 16 
and 15, Table 2). Only in a large single sample from unstressed E-rats (groups 
14 and 5, Table 2) was amphenone found to have caused an increase in the 
corticosterone stores calculated per kg body weight. 


Pre-treatment of short duration 


In the experiments described so far the last administration of any drug was 
16-23 hr before extraction of the glands. They were therefore only suitable 
for the detection of changes which had developed slowly in the adrenals. 
The large difference between the amounts of corticosterone stored in a resting 


adrenal and in an adrenal obtained after 10-15 min severe stress suggested 
20 PHYSIO, CXXXIX 


= 
| 
4 
f 
4 
¢ 
¥ 
4 
7 
4 
= 


5 


6 


All rats belonged to colony B; ACTH, 1 i.u./rat; adrenaline, 200 yg t-adrenaline base/kg body wt. ; histamine, 


302 MARGARETHE HOLZBAUER 


that ACTH release very quickly led to an increase of the corticosterone stores. 
It seemed of interest to investigate whether changes in the concentration of 
adrenal corticosterone occur shortly after a single injection of ACTH, adren- 
aline or histamine. 

Results obtained in such experiments are presented in Table 3. The hormone 
stores of the adrenal cortex were found to be approximately doubled 2 and 
3 hr after a single subcutaneous injection of adrenaline or ACTH. In contrast, 
20 mg histamine per kg body weight was without effect on the corticosterone 
concentration in the adrenals. However, when the rats were decapitated 
10 min after the intraperitoneal injection of the same amount of histamine, 
their adrenal corticosterone concentration was increased by 170%. 


Tasxe 3. The effect of a single injection of ACTH, adrenaline or histamine 
on the corticosterone stores in rat adrenals 


Weight of Corticosterone content 
Adrenal both adrenals A 


No. of tissue (mg/kg (we/kg Recov 
Treatment adrenals (mg) body wt.) ) body wt.) (%) 
Saline subcutaneously 2 hr 4 83-6 _ 122 14-4 1-75 79 
before death 
ACTH subcutaneously 3 hr 5 104-2 107 26-8 2-87 9% 
before death 5 90-3 104 28-8 3-00 7) 
Adrenaline subcutaneously 5 95-0 lll 36-9 4-08 74 
2 hr before death 5 90-8 105 29-7 3-12 64 
Histamine su 5 93-4 103 9-6 0-99 80 
2 hr before death 5 108-8 121 14-7 1-78 92 
eee LP. 10 min before 12 207-0 114 53-7 6-10 73 
th 
Saline 1.P. 10 min before 12 227-0 126 19-8 2-50 73 
death 


20 mg histamine dihydrogen phosphate/kg body wt. 


DISCUSSION 


The foregoing studies on corticosteroids extractable from adrenals of different 
mammalian species have shown that only those compounds are present which 
are also present in adrenal vein blood of the same species. None of the 
postulated C,,-precursors could be detected by the methods employed. The 
steroids are genuinely stored in the gland tissue. Even if the blood content of 
an adrenal amounted to 20% of its weight, no more than 3 yg corticosterone 
per gram of tissue could be found under conditions of maximal secretion. 
Quantitative estimations of the corticosterone content in rat adrenals 
confirm that the adrenal cortex stores only very small amounts of its secretory 
products, as compared with its secretion rate (Vogt, 1943). The low figures 
explain the difficulty of detecting corticosteroids histochemically in adrenal 
tissue. A rat adrenal contains at the utmost 0-1 ug corticosterone in 1 mm‘. 
It can easily be calculated that the amount present per unit area in a 20, 
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section are, even under most favourable conditions of distribution, still below 
the threshold of the most sensitive colour reaction for steroids. 

The quantitative results obtained on rat adrenals indicate a correlation 
between the quantities of hormones present in the adrenal cortex and its 
secretory activity at any given time. A high adrenal corticosterone con- 
centration appears to be associated with a high secretory activity, a low one 
with a low secretory activity. 

Direct evidence for this correlation was obtained by comparing secretion 
rate and stores of corticosterone in normal rats and in rats pre-treated with 
hexoestrol, ACTH or amphenone. All rats were subjected to anaesthesia and 
operative stress. Under these conditions the amounts (per kg body weight) 
of corticosterone stored and secreted were decreased by hexoestrol and in- 
creased by amphenone and by ACTH. In all four instances the ratio ‘stores/ 
secretion rate’ changed but little. 

Indirect evidence for a positive correlation between the amounts of corti 
costerone present in an adrenal gland and its secretory activity comes from 
experiments in which adrenals were obtained shortly after rats were either 
exposed to a brief severe operative stress or received a single injection of 
ACTH, adrenaline or histamine. The brief stress (exsanguination under 
ether anaesthesia) caused a nearly fourfold elevation of the adrenal corti- 
costerone concentration. A single injection of adrenaline or ACTH was followed 
2 or 3 hr later by a doubling of the corticosterone content of the adrenals. Ten 
minutes after injecting histamine, adrenal corticosterone was nearly trebled. 
In all these examples the mechanism is presumably the same: the adrenals 
are exposed to increased amounts of circulating ACTH for a short period. 
Ether plus rapid exsanguination was found to induce in the intact rat a 
significant rise in the blood concentration of ACTH (Sydnor & Sayers, 1954). 
An increase in the titre of blood ACTH after infusion of adrenaline into intact 
rats was observed by Farrell & McCann (1952). The observation that 10 min 
after histamine injection an increase in the adrenal corticosterone concen- 
tration occurred, but none 2 hr after the injection, is in good agreement with 
the finding of Sayers (1957). He measured the blood ACTH level after intra- 
peritoneal injections of histamine and found it increased during a period of 
5-14 min following the injection, but there was no detectable elevation 2 hr 
later. These findings suggest that stimulation of the adrenal cortex by ACTH 
leads to an elevation of the corticosterone concentration in the adrenal, 
provided capacity for steroid synthesis is not impaired. 

The correlation between corticosterone stores and secretion rate in the rat 
adrenal thus provides a method by which information can be obtained on the 
activity of the adrenal cortex immediately before extirpation of the gland. 
With this correlation in view, the elevated corticosterone stores of resting 
hexoestrol-treated rats indicate an increased basal secretion of such animals. 
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The failure to achieve the normal increase in steroid concentration during 
exsanguination has its corollary in the finding that the secretion rate during 
operative stress was less than that found in rats which had not received 
hexoestrol. | 

The observation on the effects of amphenone on corticosterone stores suggests 
normal (or occasionally elevated) secretion at rest and increased secretion 
during operative stress. 


SUMMARY 


1. The main corticosteroids extractable from the adrenal glands of different 
mammalian species were found to be identical with those extractable from 
adrenal vein blood of the same species. 

2. The mean amounts of corticosterone in adrenals of normal rats from 
different colonies were found to range between 7-4 and 23 ug/g adrenal, 
provided stimulation of ACTH release was carefully avoided before death. 

3. The corticosterone content was increased several-fold when rats were 
exposed to severe stress (exsanguination under ether) immediately before 
death. 

4. When the blood ACTH level was raised by injecting shortly before death 
ACTH, adrenaline or histamine, the corticosterone content of the adrenals 
became doubled or even trebled. 

5. When rats were injected with hexoestrol (0-4 mg/kg for 5 or 6 days), the 
corticosterone stores deviated from normal in different directions, depending 
on the procedure of killing. If corticosterone content was estimated after 
exsanguination under ether, the increase in stored corticosterone due to the 
stress was found to reach only one-half of the control value. If, however, 
stress was avoided before death, the adrenals contained about double the 
amount of corticosterone per kg body weight found in the adrenals of the 
corresponding controls. 

6. ACTH injected for 10 days caused a rise in the corticosterone stores, 
calculated per kg body weight, in stressed and unstressed rats. 

7. Amphenone B fed for 8 or 10 days to rats which were then killed under 
conditions of stress caused a rise in the corticosterone stores expressed per 
kg body weight. In unstressed rats the corticosterone content per kg body 
weight was usually normal. Calculated per gram of adrenal tissue the stores 
were lowered. 

8. Comparison was made between corticosterone stores and secretion rate 
of stressed rats, either untreated or treated with ACTH, amphenone or hex- 
oestrol. It was found that increased secretion rate was reflected by increased 
stores and vice versa. The ratio ‘stores/secretion rate’ changed but little. 

9. These findings suggest that the hormone stores of the adrenal cortex 
reflect the secretion rate at time of death. In all these conditions the store of 
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corticosterone is about equal to the amount secreted in not quite 3 min. The 
interpretation of the findings on hexoestrol-inhibited adrenals would be that 
the resting animal secretes faster, but the severely stressed animal more slowly 
than a normal rat. Amphenone-treated rats have normal resting- and in- 
creased stress-secretion. 


I wish to express my warmest thanks to Dr M. Vogt, F.R.S., for her advice in this work and 
her help in preparing the manuscript. A generous gift of ‘Cortrophin Z’ from Organon Labora- 
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For more than twenty years it has been known that female sex hormones and 
some of their synthetic substitutes produce adrenal hypertrophy when ad- 
ministered to rats (Korenchevsky & Dennison, 1935; Selye, Collip & Thomsen, 

1935; Noble, 1939; and others), This hypertrophy is accompanied by a dimi- 

nution of the lipid content (Loeser, 1939; Vogt, 1945). It occurs only when the 
pituitary is present (Selye & Collip, 1936). During treatment with synthetic 
oestrogens, the anterior pituitary goes on growing for many weeks (Somers, 
1948; Meyer & Clifton, 1956). After oestradiol administration the amount of 
circulating ACTH was found to be increased (Gemzell, 1952). 

The functional state of an adrenal deprived of its lipids by oestrogens has 
been a matter of conjecture. For example, the poor state of health of hexo- 
estrol-treated rats and their short survival time after adrenalectomy were 
interpreted as signs of inhibited adrenocortical secretion. This interpretation 
was recently confirmed by the finding that corticosterone secretion is depressed 
in rats injected with hexoestrol and subjected to abdominal operation for the 
purpose of obtaining adrenal vein blood (Vogt, 1955). This depression has 
been interpreted as due to an inhibition of the synthesis of cholesterol which 
is the main precursor of adrenal steroids. 

There are, however, observations which suggest an increase in adrenocortical 
secretion. In these use is made of the fact that thymus involution may be a 
sign of increased cortical activity. Thus, Brolin & Hellman (1953) observed 
involution of the thymus in rats aged 2-3 months and injected with hexoestrol. 
They found that the effect did not occur after adrenalectomy. This finding is 
contradictory to that of Hertting & Satke-Hichler (1955) who were unable to 
prevent involution of the thymus by adrenalectomy; these authors used rats 
which weighed 35-50 g only and doses of hexoestrol which allowed some growth 
of the animals to take place. It appears, therefore, that thymus involution 
can take place by mechanisms other than increased adrenocortical secretion. 
For the conditions of Brolin & Hellman’s experiments, the conclusion that 
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thymus involution was due to increased adrenocortical secretion is difficult to 
escape. 

As will be shown later, the essential difference between the observations 
indicating enhanced or those indicating diminished activity is the fact that 
a depression is found when secretion is measured under conditions of stress, 
and signs of increased activity when stress is avoided. Estimation of the rate 
of adrenocortical secretion in the rat involves a cannulation of the left renal 
vein under anaesthesia. Under these conditions the secretion rate approaches 
the maximal secretory capacity of the gland (Holzbauer & Vogt, 1957) and 
is not a measure of the glandular activity of the conscious, unstressed animal. 

The present work deals with the question whether the inhibition by hexo- 
estrol of maximal cortical secretion is peculiar to this substance or whether 
it is aiso produced by other synthetic or natural oestrogens. The substances 
studied were chlorotrianisene, ethinyloestradiol and oestradiol-178. Chloro- 
trianisene was selected because its structure is different from that of the 
stilbene derivatives. 

An attempt was also made to obtain information on the secretory capacity 
of adrenals of hexoestrol-treated rats under resting conditions. This was done 
by estimating the corticosteroid content of adrenal glands of rats given 
hexoestrol but killed without further stress. Since there is evidence that the 
hormone content of the adrenal cortex is a reflexion of its secretory activity 
at the time of death (Holzbauer, 1956, 1957), any change in the corticosterone 
content of the glands of hexoestrol-treated rats should indicate a deviation 
from normal in the resting secretion of such animals. 


METHODS 
Operative and chemical procedure 
Adult male Wistar rats were used. The venous outflow from the left adrenal was collected for 
15 min under pentobarbitone anaesthesia (45 mg/kg body weight intraperitoneally) and the 
corticosteroid content of each individual sample measured. The operative procedure and the 
chemical estimation of the corticosteroids in adrenal vein plasma and in adrenal glands have 
been described (Vogt, 1955; Holzbauer & Vogt, 1957; Holzbauer, 1957). Only corticosterone, 
which is the main glucocorticoid produced by the rat adrenal, was estimated quantitatively. 
Semiquantitative estimates by the soda-fluorescence test were made of Bush’s compound X, which 
is probably 11-hydroxyandrostene-3,17 dione (Bush, 1953). Aldosterone secretion was not 
measured. For histological purposes the adrenals were fixed. in a mixture of formalin and 
K,Cr,0,. Frozen sections were stained with Sudan IV and haematoxylin. In the experiments in 
which corticosterone stores in the adrenals were measured, test and control rate were kept in 
individual cages and at a constant temperature (25° C) during the injection period, so as to 
avoid adrenal stimulation by cold or by excitement. The rats were killed in the constant- 
temperature room by rapid decapitation. 
Drug 
Chlorotrianisene (tri-p-anisylchloroethylene), henceforth called TACE (Wm. 8. Merrell Co.) 
was used in doses of 40 mg/kg/day. For experiments in which the drug was fed, a 1% colloidal 
suspension was prepared in 50% propylene glycol. 1 ml. of propylene glycol was added to every 
20-3 
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Weight of Corticosterone secretion 
Group gen start (me/kg (ple 
- Oestrogen Vehicle (mg/kg) (ml./kg) days rats (g) (g) body wt.) ) [kg body wt.) 
0 2% — 82% 66419 2W1416 1165469 
} Hexoestrol Arachisoll { 94 Qo 46 4 S87 S16 intros 
+ + 
6 (TACE) 4 1617 ll 259 104+3-7** 1854009 1174 9° 
7 Arachis oil { 0 O8 13-15 14 299 204 724356 307417 1314 100 
+ 7 8+ 3 + 
} oestradiol glycol { 2 0-2 5 4 329 288 1134222 185400" 
Significance of difference from the corresponding control group: ** P < 0-01. * P < 0-05. 


The oestrogens were administered subcutaneously with the exception of chlorotrianisene in 50% propylene glycdl; 
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20 mg of TACE, the mixture heated in a boiling water-bath until the TACE was dissolved, and 
an equal amount of water added to the hot solution with constant stirring. The milky fluid was fed 
by stomach tube within the next 20 min. For subcutaneous injections a 5% solution in hot 
arachis oil was prepared. Experiments were carried out on eight groups of rats. Five groups were 
treated in different ways with TACE, three served as controls and were treated in a corresponding 
fashion with the vehicle only. Four rate were fed for 5 days with TACE, four control rate for 
5 days with 50% propylene glycol (4 ml./kg/day) ; eleven rats were fed for fifteen days with TACE, 
four controls with propylene glycol only; ten rats received 15-17 daily injections of TACE in 
arachis oil and fourteen controls were injected with arachis oil (0-8 ml./kg/day) for 13-14 days. 
The rats of the last two groups were fed with TACE and simultaneously injected with arachis oil, 
three rats for 5 days, five rate for 15 days. 

Ethinyloestradiol. A 1% solution in propylene glycol was prepared. Four rats received 5 daily 
subcutaneous injections of 2 mg/kg and two control rats 5 daily injections of 0-2 ml. propylene 


Ocstradiol-178 (henceforth called oestradiol) was injected subcutaneously either as a 0-33% 
solution in arachis oil or as a 1% solution in propylene glycol. One group of rats received 5 daily 
injections of 0-8 mg/kg (in arachis oil). A second group (three rats) received 10, and a third and 
fourth group (four and five rats) 5, daily injections of 2 mg/kg (in propylene glycol). Simulta- 
neously with the last group, five control rats were injected with propylene glycol alone (0-2 ml./kg/ 
day) for 5 days. 

The interval between the last injection and the collection of adrenal vein blood was 12-20 hr. 

Hexoestrol (British Drug Houses). The rats were injected subcutaneously for 4-6 days with a 
0-2% solution of hexoestrol in oil (daily dose 0-4 mg/kg). Twenty-eight rats were used for the 
estimation of corticosterone in the adrenal glands. The adrenals of four or six rats were pooled and 
extracted together, as were the glands of six to eight control rats injected with the same amount of 
arachis oil. All rate were killed by rapid decapitation and precautions were taken to avoid any 
form of stress (see above). : 


RESULTS 
Effect of oestrogens on maximal secretory capacity 
Data obtained on the maximal secretory capacity of rat adrenals after pre- 
treatment with synthetic oestrogens are summarized in Table 1. The effect of 
TACE and ethinyloestradiol on corticosterone secretion are compared with 
data previously obtained with hexoestrol and summarized in row 2, Table 1. 


TABLE 1. Corticosterone secretion of the left adrenal of rats treated with different oestrogens. 
with controls which received no treatment or the vehicle only (means + s.z. of the means) 


Daily dose Body weight 
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Hexoestrol injected for about 5 days in forty rats caused the following differences 
from the controls (group 1): a considerable adrenal hypertrophy, a reduction 
of secretion per gram of gland to less than one half, and per whole adrenal to 
about two-thirds. As shown elsewhere (Holzbauer, 1956, 1957), the stores of 
corticosterone in adrenals of rats injected with hexoestrol and then submitted 
to operative stress were also about one half of those of control rats (without 
injection) subjected to the same form of stress before excision of the glands. 

Chlorotrianisene. In all experiments TACE caused inhibition of secretory 
capacity, lipid loss and hypertrophy of the adrenals. Inhibition of corti- 
costerone secretion was most pronounced after feeding TACE for 5 days 
(see Table 1). In this group the mean secretion per gram of adrenal was de- 
creased by 52%. Secretion per kg body weight was also diminished but, 
because of large individual variations, this difference was not significant. The 
lipid loss was marked in the zona fasciculata, and in two rats also in the 
zona glomerulosa. The loss in body weight during the period of treatment 
ranged between 16 and 42 g. 

When feeding of TACE was continued for 15-17 days, the secretion rate 
per gram of adrenal was still significantly lower than that of the corresponding 
control group. It was, however, significantly higher than that of the rats 
treated for only 5 days. This might indicate an adaptation mechanism. Adrenal 
hypertrophy was very marked and thus secretion rate per kg body weight was 
back to normal. The histology of the adrenals showed different degrees of 
lipid depletion in the zona fasciculata and glomerulosa. Lipid depletion in 
the zona glomerulosa occurred also in three of the four control rats, which were 
fed with 50% propylene glycol for 15-17 days. 

Fifteen to seventeen daily subcutaneous injections of TACE in arachis oil 
also evoked adrenal hypertrophy and significant inhibition of corticosterone 
secretion. The adrenals showed lipid depletion only in the zona fasciculata. 
It was generally less severe than in the experiments with hexoestrol. The 
glomerulosa was always filled with lipids. The adrenal function of the oil- 
treated control rats showed no abnormalities, but the lipid content of all three 
cortical layers was very large. All oestrogen-treated rats lost weight, whereas 
only some of the oil-treated controls did so. 

Omitting two exceptionally heavy rats, the animals injected with TACE in 
oil had a significantly larger rate of secretion (23-1 + 1-4 ug/g adrenal/min) 
than rats of the same weight given TACE in propylene glycol (group 6). 
Since certain fatty acids have the ability to increase adrenal cholesterol 
concentration (Carroll & Noble, 1952; Carroll, 1953), one possible explanation 
for this difference is interference between the actions of arachis oil and TACE 
on steroid metabolism. In order to check this possibility two groups of rats 
were treated with a combination of oral administrations of TACE in propylene 
glycol and subcutaneous injections of arachis oil, one for 5 days, the other for 
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Daily dose Body wt. 
— A ‘ Wt. of Corticosterone secretion 
Group ( (ml./kg) days rats (g) (g) body wt.) oar Ein) body wt.) 
1 0 0 —- 338 684 B1t «6933-14 1-7t 135 + 10-3t 
2 0-8 Arachis oil, 0-26 5 6 22 28 9+ 25-8 + 1-9** 152 + 19-7 
3 20 Propylene glycol,0-2 10 3 36 310 67432 29428 96 + 15-5 
4 0 Propylene glycol, 0-2 5 5 206 312 73480 293407 127 + 140 
5 2-0 Propylene glycol, 0-2 5 5 306 279 91446 220425*** -§ 1264 17-7 
Rat no. 
6 20 Propylene glycol, 0-2 5 1 352 330 1712 58-4 249 
2 378 362 805 29-6 157 
3 31 340 £838 20-3 102 
4 336 330 8746 315 166 
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15 days. In both groups the mean figures for corticosterone secretion did not 
differ significantly from those of rats fed on TACE and not injected with oil. 
Any difference caused by the oil in the previous experiments could therefore 
only be due to less effective absorption of the TACE from the oily solution. 

Ethinyloestradiol. Calculated per gram of adrenal, corticosterone secretion 
of rats treated with ethinyloestradiol was inhibited by more than 50%. When 
calculated per kg body weight, the depression was about 25%, in three out of 
four rats. In these animals the adrenals were about 45% heavier than those 
of the controls. In the fourth rat, however, the adrenals were excessively 
enlarged and, although the corticosterone secreted was only 10-9 ug/g 
adrenal/min, the secretion per kg body weight lay within the normal range. 
Microscopic inspection of the Sudan-stained adrenals showed lipid depletion 
in the zona fasciculata. In all glands large venous sinuses were visible in the 
inner fasciculata and in the reticularis, but there were no haemorrhages or 


TABLE 2. Corticosterone secretion of the left adrenal of rats treated with oestradiol-178. 
Comparison with controls which received no treatment or the vehicle only 


Significantly different from group 1 (P < 0-01). ** Significantly different from group 1 (P < 0-05). *** Significantly 
different from group 4 (P < 0-05). t Groups 1-5, means + 8.x. of the means; group 6, individual figures. 


necroses. Five daily injections of 0-2 ml. propylene glycol/kg body weight 
did not influence the microscopic structure or the lipid content of the glands. 
The ethinyloestradiol-treated rats lost between 35 and 53 g in weight. 
Oestradiol. Oestradiol was on the whole less active in inhibiting maximal 
adrenocortical secretion than the synthetic substitutes. The individual varia- 
tions were large. When oestradiol was administered in greater quantities, the 
rats showed signs of severe liver damage. The results are summarized in Table 2. 
Five daily injections of oestradiol (0-8 mg/kg) in arachis oil caused a small, 
but significant, inhibition of corticosterone secretion per gram of adrenal 
(group 2, Table 2). As the adrenals were enlarged, secretion per kg body 
weight was within the normal range. In all samples Bush’s compound X 
was clearly identifiable. The histological pictures of the adrenals showed 
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only a mild degree of lipid depletion. There was a ring of enlarged vessels 
between inner and outer zona fasciculata. All rats lost some weight during the 
treatment. 

An increase in the dose to 2 mg/kg/day slightly enhanced the effect on 
secretion rate and lipid content (group 5, Table 2). There was also a slight 
lipid loss in the adrenals of the controls, injected with propylene glycol 
(group 4, Table 2). At an earlier date four rats had been treated with oestradiol 
in the same fashion (group 6, Table 2). They had responded very inconsistently. 
Whereas the secretory capacity of the adrenals of two rats remained unaffected, 
that of rat no. 1 was far above the normal range and all three layers of its 
adrenal cortex were engorged with lipids. On the other hand, rat no. 3 had 
a low corticosterone secretion rate and severe lipid loss in the zona fasciculata 
and was jaundiced. 

When daily injections of 2 mg oestradiol were continued for 10 days (group 3, 
Table 2), the general state of health of the animals was severely reduced. 
They lost between 43 and 70 g in weight, were jaundiced and operation was 
difficult because of fragility of the blood vessels. Despite that, the secretory 
capacity of the adrenal was seriously inhibited in one rat only. Lipid loss was 
moderate. There was no adrenal hypertrophy. 

Except for the erratic response of group 6, all groups treated with oestradiol 
had a lower secretion rate per gram of adrenal tissue than the corresponding 
control groups. However, the value for P was never below 0-01 and the secre- 
tion per gland per kg body weight was not affected. 


Effect of hexoestrol on adrenocortical activity of unstressed rats 
(assessed by corticosterone content of adrenal glands) 

As it is not possible to collect adrenal vein blood from a rat under resting 
conditions, information on resting secretion was obtained by estimating the 
amount of corticosterone extractable from adrenal tissue of unstressed rats. 
It has been reported elsewhere (Holzbauer, 1956, 1957) that the corticosterone 
stores of rat adrenals are very variable, unless conditions preceding the 
killi. of the animals are strictly standardized. It was found that the stores 
were Clearly related to the degree of stress obtaining immediately before death. 
Where the secretion rate could be measured independently, it ran parallel 
to the stores of corticosterone found in the tissue. This relationship is 
utilized in the present work for deducing the secretion rate of a gland from 
the steroid content of the glands. The results are shown in Fig. 1. The lower 
columns represent corticosterone content (per gram of gland) of the pooled 
adrenals of three control and four experimental groups, every precaution 
having been taken to avoid stressing the rats before obtaining the glands. 
The mean of the controls (12-2 ug + 1-7, s.8. of the mean) is not significantly 
different from that of the hexoestrol groups (15-5 + 1-0 wg). When, however, 
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the corticosterone stores are calculated per kg body weight (upper columns), 

the mean of the control glands is 1-7 + 0-25 pg aad that of the glands obtained 

after hexoestrol treatment 3-1+0-19 ug, and this increase is significant 
P <0-01). | 

. The tt drawn from this finding is that, in the absence of stress, the 

enlarged adrenals of rats injected with hexoestrol produce more corticosterone 

per kg body weight than the adrenals of normal animals. 


welkg body weight 


ug/g adrenal 
8 


12 12 13 10 2 2 
No. of adrenals 


Fig. 1. Corticosterone stores in adrenals of rats treated with 5 or 6 daily injections of 0-4 mg 
hexoestrol/kg body weight (black columns), and of corresponding control rats injected with 
the vehicle only (white columns). All rats were kept in individual cages and at constant 
temperature during the time of treatment and killed by rapid decapitation 10-17 hr after 
the last injection. 


DISCUSSION 


When corticosterone secretion was measured under conditions which evoke 
maximal adrenal stimulation, chlorotrianisene and ethinyloestradiol were 
found to inhibit secretory performance and in this way to behave like hex- 
cestrol. With the natural hormone oestradiol-178 such inhibition was less 
consistently seen. Decrease in corticosterone secretion was accompanied by 
decreased secretion of Bush’s compound X and by a lipid loss from the zona 
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fasciculata. In terms of the oestrogenic potency of the compounds (as assessed 
in the vaginal cornification test on rats) the doses of chlorotrianisene were 
equal to those of hexoestrol used previously, whereas the quantities required 
of ethinyloestradiol and oestradiol-178 were five times higher. 

The mechanism of action by which the three oestrogens impair maximal 
corticosterone secretion rate might be similar to that suggsted for hexoestrol 
(Vogt, 1955), namely interference with cholesterol synthesis. Evidence re- 
lating to hexoestrol was obtained by the observation that the synthesis of 
cholesterol from “C-acetate by liver slices in vitro is considerably reduced 
when the liver is taken from rats treated with hexoestrol (Boyd & McGuire, 
1956). Cholesterol concentration in serum and adrenal glands of such rats is 
also low. When similar studies were carried out with ethinyloestradiol (0-25— 
2-5 mg/kg), there was a tendency towards reduction of both serum and adrenal 
cholesterol, but the rate of hepatic synthesis of cholesterol in vitro was not 
consistently affected (McGuire, 1956). The effect of oestradiol was only studied 
in two rats given first 1-9 and later 3-9 mg/kg/day for a month. Although 
hepatic synthesis of cholesterol in vitro was found to be reduced by 50%, 
cholesterol concentrations in serum and adrenals were not affected (McGuire, 
1956). Smaller doses of oestradiol were found not to affect blood cholesterol 
(Moskowitz, Moskowitz, Bradford & Wissler, 1956), or even to increase it 
(Fillios, 1957). These findings are in accordance with the erratic effects of 
oestradiol on cortical secretion rate. 

No studies on the cholesterol metabolism of rats treated with TACE have 
been found in the literature. 

The weak influence of the natural oestrogen on the adrenal cortex indicates 
that oestrogenic properties and adrenocortical inhibition are not linked in 
these compounds. A*-Cholestenone, a substance without oestrogenic properties, 
but with the ability to impair cholesterol synthesis and to decrease plasma and 
adrenal cholesterol concentration, is known to cause extraordinary enlarge- 
ment of the adrenals of rats (Steinberg & Fredrickson, 1956). Signs of func- 
tional changes of such glands are reported (Steinberg, Fredrickson & Liddle, 
1957) and will be subject of further studies. 

The second part of the work was concerned with the corticosterone content 
of adrenals of hexoestrol-treated rats, measured under conditions which 
carefully avoided stimulation of ACTH secretion. Increased amounts of 
corticosterone were found. Evidence is adduced elsewhere (Holzbauer, 1957) 
that this result can be interpreted as a sign of increased resting secretion. Thus 
the adrenals of such rats appear to supply their bearer with a larger amount 
of corticosterone, per unit body weight, than do adrenals of normal rats. 
This finding is in good agreement with the observation of Brolin & Hellman 
(1953) that hexoestrol causes adrenal-dependent involution of the thymus. 
Another sign pointing to a reduction in the difference between ‘resting 
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secretion’ and ‘stress secretion’ in hexoestrol-treated rats is the elevated 
blood—ACTH level of such animals under resting conditions. 

Thus, hexoestrol, and most likely also chlorotrianisene and ethinyloestradiol, 
exert at least a dual influence on the rat adrenal. As toxic agents they in- 
crease the demand of the body for adrenal steroids and induce release of ACTH. 
Hypertrophy of the adrenal gland and increased resting secretion of corti- 
costerone are the consequences. In addition these oestrogens inhibit cholesterol 
synthesis. Although the amount of cholesterol present in adrenals and blood 
is sufficient to guarantee an increase in resting secretion by about 100%, it 
is conceivable that this increase is not an adequate response to the demands 
of the body and that the relative lack in corticosterone may cause further 
stimulation of the pituitary. This would explain why the pituitary continues 
to grow as long as hexoestrol is being administered. When the animal is 
subjected to additional stress, the cholesterol available for steroid production 
is undoubtedly insufficient, and maximal secretion rates reach only about 
half the normal figure. That such animals are at a disadvantage when sub- 
jected to damaging procedures is shown by their decreased resistance and by 
the shortening of survival time after adrenalectomy. 

The action of oestrogens on the pituitary-adrenal system of rats cannot be 
fully understood without further knowledge of the precise amounts of ACTH 
released during the response to the oestrogen, and without information on 
the rate of synthesis and secretion of aldosterone. 


SUMMARY 


1. Chlorotrianisene and ethinyloestradiol inhibit corticosterone secretion in 
maximally stimulated rat adrenals. These two compounds thus act in the same 
way as hexoestrol. With the natural hormone oestradiol-178 such inhibition 
was less constantly seen. Interference with cholesterol synthesis as a possible 
mechanism of action is discussed. 

2. Hexoestrol was found to increase the corticosterone content of rat 
adrenals when expressed per kg body weight and measured under conditions 
which carefully avoided additional release of ACTH. Evidence is presented 
elsewhere that this can be interpreted as an increase in corticosterone secretion 
under resting conditions. 


My thanks are due to Dr M. Vogt, F.R.S., for advice and criticism and to Professor G. F. 
Marrian, F.R.S., for a gift of oestradiol-178. Chlorotrianisene was made available through the 
courtesy of Dr C. R. Thompson, Wm. 8. Merrell and Co., Cincinnati. The work was carried out 
during the tenure of an I.C.I. Fellowship. 
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MITOCHONDRIAL ENZYMES AND CHROMAFFIN GRANULES 


By H. BLASCHKO, JEAN M. HAGEN anp P. HAGEN 
From the Department of Pharmacology, University of Oxford 


(Received 25 July 1957) 


In a homogenate of the bovine adrenal medulla in isotonic sucrose the catechol 
amines are present mainly in cytoplasmic granules; these granules are sedi- 
mented in a gravitational field similar to that used for the sedimentation of 
mitochondria in other tissues (Blaschko & Welch, 1953). Preparations of the 
adrenal granules were found to oxidize substrates of the tricarboxylic acid 
cycle (Blaschko, Hagen & Welch, 1955), but the question whether or not the 
amines were carried in the same granules as the respiratory enzymes remained 
unanswered. It was noted in these experiments that the high-speed sediment 
could be subdivided into a ‘top’ and a ‘bottom’ layer; the top fraction was 
richer in succinoxidase, and poorer in amines, than the bottom fraction. 
This observation suggested the possibility that there might be two different 
types of granule, which had been imperfectly separated by the method 
employed. 

It has since been found that granules with a high amine content can be 
sedimented in strongly hypertonic sucrose (Blaschko, Born, D’Iorio & Eade, 
1956). In one of the experiments reported, a suspension of granules prepared 
in isotonic 0-3M sucrose was centrifuged over 1-5m sucrose: granules were 
retained at the boundary region between the isotonic and the hypertonic 
sucrose; these granules contained very little catechol amine. 

Tn the present work suspensions of ‘large granules’ from the bovine adrenal 
medulla in isotonic sucrose were centrifuged over a specific gravity gradient. 


Different fractions were thus obtained, and these were examined for catechol - 


amines, for adenosine triphosphate (ATP) and for a number of enzymes 
normally present in mitochondria. 


METHODS 

Preparation of ‘large granules’. Ox adrenal medulla was chopped and homogenized in 0-3™ 
sucrose; the homogenate was centrifuged at low speed (950 g) for 20 min. The low-speed super- 
natant, centrifuged at 11,000g for 30 min, gave a sediment which was resuspended in 0-3m 
sucrose and recentrifuged at 11,000 g for 30 min. The sediment was again suspended in 0-3m 
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sucrose, and this suspension of ‘large granules’ was used as the starting material for the specific 
gravity gradient centrifugation. 

Preparation of the specific gravity gradient tubes. The three tubes of the SPINCO swing-out 
rotor SW39L were prepared by layering 1 ml. each of sucrose solutions in the order: 2-25, 
2-Om, 1-8, 1-6m, with the most concentrated solution at the bottom of the tube. The tubes were 
prepared a few hours before use. In each tube 1 ml. of the large-granule suspension was layered 
above the 1-6m sucrose at the top of the gradient (see Fig. 1a), The tubes were then centrifuged 
at 145,000 g for 1 hr. At the end of the run the positions of the layers formed were noted, and the 
tubes were cut. (The cutter was kindly presented to us by Dr E. H. Schuster.) The fractions 
collected were then frozen and kept at about - 12° C until the determinations were carried out; 
these were always completed within 48 hr of collection. 

Determination of catechol amines, AT'P and respiratory enzymes. In all experiments the catechol 
amines were determined by the method of von Euler & Hamberg (1949), but with the buffer 
solutions used by Schiimann (1957). In two experiments ATP was determined by the firefly 
luminescence method. 

Succinie dehydrogenase was estimated spectrophotometrically, by measuring the reduction 
of cytochrome ¢ at 550 mp in the presence of cyanide, as described by Kuff & Schneider (1954). 
Fumarase was determined according to Racker (1950), by measuring the increase in optical 
density at 240 my» when malate is reduced to fumarate. Amine oxidase was determined mano- 
metrically, by following the oxygen uptake with 0-01 ™ tyramine as substrate in the presence of 
0-01 m semicarbazide. 

Protein was precipitated by adding 10% trichloroacetic acid to each sample. The precipitate 
was spun down, resuspended in trichloroacetic acid and again sedimented. The nitrogen content 
of the sediment was determined after digestion in a micro-Kjeldahl flask and steam distillation. 


RESULTS 

The specific gravity gradient was prepared as is shown in Fig. 1a; the typical 
appearance of the tube, at the end of the centrifugation at 145,000 g for 1 hr 
in a horizontal rotor, is shown in Fig. 16. In some of the experiments no 
sediment was seen, but in others a very small amount of whitish material 
had sedimented. Several opaque layers had formed at the boundaries of the 
sucrose solutions. One well-defined opaque band was always seen at the 
junction of the 2-0m and the 2-25m sucrose, and another at the top of the 
gradient, between the 0-3m and the 1-6m sucrose. A layer was also always 
present between the 1-8m and the 2-0m sucrose solutions. The band between 
the 1-6m and the 1-8m sucrose was not seen in all experiments. 

Fig. 15 also shows the positions at which the tubes were cut for the collection 
of the fractions. The different fractions collected were numbered as shown in 
the figure. 

Figs. 2—5 give the results obtained in some of these experiments. In these 
figures the percentages are calculated in terms of the amounts recovered in 
all the fractions. In the legends to the figures percentage recoveries are also 
given on the basis of the material present in the starting material, the large- 
granule suspension. 

Fig. 2 shows an experiment in which succinic dehydrogenase, catechol 
amines and protein nitrogen were determined. The curve for protein nitrogen 
shows two maxima, one in fraction 2 and another in fraction 5. Succinic 
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Fig. la. Centrifuge tube before specific gravity gradient centrifugation. The large granule 
fraction was suspended in 0-3™ sucrose solution. 


Fig. 1b. Appearance of the tube after centrifugation in Spinco rotor SW 39 at 145,000 g for 60 min. 
The arrows indicate the points where the tube was cut. 


Fig. 2 


Fig. 2. Distribution of succinic dehydrogenase (@—@), catechol amines ( x - -— — x ) and protein 
nitrogen (™—#) in a specific gravity gradient. In Figs. 2-5 the fractions are numbered as 
shown in Fig. 1b. Ordinate: Recovery as percentage of recovery in all fractions. Total 
recoveries were; catechol amines 80%, succinic dehydrogenase 103%, protein nitrogen 60%. 


Fig. 3. Distribution of succinic dehydrogenase (@—@), catechol amines ( x --- x) and ATP 
(O—O) in 4 specific gravity gradient, Ordinate: recovery as percentage of recovery in all 
fractions. Total recoveries; succinic dehydrogenase 80%, catechol amines 86%, ATP 54%. 
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dehydrogenase activity had a maximum in fraction 2; this fraction contained 
84 % of the activity recovered in all fractions. The pressor amines were present 
mainly in fraction 5, with 54% of the amount recovered in all fractions. 

In the experiment shown in Fig. 3, determinations were carried out of 
succinic dehydrogenase, catechol amines and ATP. In this experiment succinic 
dehydrogenase was mainly distributed over fractions 2 and 3. The highest 
amine content was again found in fraction 5, but in this experiment some 
sediment had formed and this also contained some of the catechol amine. 
The figure shows that the ATP had a distribution very similar to that of the 
catechol amines. This finding was confirmed in a second experiment in which 
determinations of ATP were carried out. 
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Fig. 4. Distribution of succinic dehydrogenase (@—@), fumarase (C—O), catechol amines (x -—~ x) 

and protein nitrogen (™—@) in a specific gravity gradient. Ordinate: recovery as percentage 
of recovery in all fractions. Total recoveries; succinic dehydrogenase 136%, fumarase 111%, 
catechol amines 96%, protein nitrogen 61%. 


Fig. 5. Distribution of succinic dehydrogenase (@—@), fumarase (O—O), amine oxidase (@—@) 
and catechol amines ( x—-- x) in a specific gradient. Ordinate: recovery as percentage of 
recovery in all fractions. Total recoveries; succinic dehydrogenase 87%, fumarase 76%, 
amine oxidase 55%, catechol amines 75%. 
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The experiment shown in Fig. 4 is one in which fumarase activity was also 
determined in the fractions. Again there was a single peak for catechol amines 
in fraction 5 and two peaks for protein nitrogen, one in fraction 2 and the 
other in fraction 5. The two enzymes, succinic dehydrogenase and fumarase, 
each had a sharp maximum in fraction 2. 

Amine oxidase activity, in addition to succinic dehydrogenase and fumarase, 
was determined in the experiment of Fig. 5. Amine oxidase activity was 
recovered only in fraction 2; this fraction also contained the bulk of the two 
other enzymes. In this experiment some catechol amine was also found in the 
two uppermost fractions, 1 and 2; this represents amine released from the gran- 
ules in the course of the experiment and now present in free aqueous solution. 

Eade (1956) has reported that upon centrifugation of a suspension of granules 
from the bovine adrenal medulla over hypertonic sucrose the adrenaline and 
the noradrenaline are differently distributed. Similar differences were found 
in the present series of experiments. In seven experiments, the combined 
fractions 3+4, contained 39%, of the adrenaline recovered, but only 19%, of 
the noradrenaline. The amount of noradrenaline recovered in fractions 5+ 6 
was correspondingly greater: 59°, as compared with 43% of the adrenaline. 


DISCUSSION 


By the use of conventional histological techniques, mitochondria have been 
detected in the chromaffin cells of a number of species (Bennett, 1941; Hillarp, 
Hokfelt & Nilson, 1954); however, the latter authors were not able to see 
them in the adrenal medulla of the cow. It seems likely that the bovine 
material was less fresh than that from the laboratory animals examined. 

The histological studies have recently been supplemented by observations 
under the electron microscope. Typical mitochondria, with outer membranes 
and cristae, have been seen in the chromaffin cells of the rat (Lever, 1955), 
the mouse, the guinea-pig and the cat (Sjéstrand & Wetzstein, 1956). 

In their study of the distribution of succinic dehydrogenase in mouse liver 
Kuff & Schneider (1954) used a specific gravity gradient; they found that the 
bulk of the enzymic activity was recovered above a layer of 1-59M sucrose. 
It seems, therefore, that in our experiments the layers which were rich in 
respiratory enzymes had physical properties similar to liver mitochondria. 
This, therefore, seems to be the true ‘mitochondrial’ fraction. That in the 
chromaffin tissue the amine oxidase is also found in this fraction is interesting 
for two reasons, first, because it shows that the catechol amines are mainly 
stored in a cytoplasmic structure different from that which contains amine 
oxidase, and secondly, because it confirms by a different method earlier 
observations on the localization of this enzyme in liver cells (Cotzias & Dole, 
1951; Hawkins, 1952). 


Under the electron microscope a second type of granule can be distinguished 
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in the chromaffin cell; this is characterized by its strongly osmiophilic proper- 
ties (Lever, 1955; Sjostrand & Wetzstein, 1956). It is likely that this is the 
granule described by Hillarp et al. (1954) in smears of chromaffin tissue. 
Osmic acid is a histological reagent for the demonstration of the amine in the 
adrenal medulla. It seems likely, therefore, that the osmiophilic granules are 
those which settled in the lower fractions of the specific gravity gradient in 
our experiments. It is interesting that in the electron-microscopic study these 
granules were found to possess an outer membrane. It is this membrane which 
is probably responsible for the fact that the catechol amines present in a 
suspension of fresh granules in isotonic sucrose, injected intravenously into 
the spinal cat, do not immediately exert their full biological effect (Blaschko 
et al. 1955). 

The experiments show that the ATP and the catechol amines are very 
similarly distributed throughout the different fractions. This is in support of the 
view that the two substances are present in one and the same granule and 
that ATP is closely connected with the storage of the catechol amines (Falck, 
Hillarp & Hégberg, 1956; Blaschko et al. 1956). 

In earlier experiments, in which the suspending medium was isotonic 
sucrose, it was not possible to separate the mitochondria from the chromaffin 
granules. Electron microscopy has shown that the osmiophilic granules are 
not of uniform size, and this is probably why they do not sediment as a well- 
defined separate layer in isotonic sucrose. In the specific gravity gradient, 
however, the position of a particle after centrifugation is not determined by 
its size but by its specific gravity. This made separation under the conditions 
now used more successful. 

Hillarp et al. (1954) have discussed the possibility that in the chromaffin cell 
the amine-carrying granules take the place of true mitochondria. In our 
experiments, a little enzymic activity was usually found in the lower layers 
of the gradient tube. It can therefore not be entirely excluded that there 
exists a relationship between mitochondria and chromaffin granules. However, 
the electron microscope as well as our experiments agree in revealing the 
presence of two different types of granule. It seems, therefore, at present 
safer to assume that the two structures are distinct. 


SUMMARY 


1. Suspensions of large granules from the bovine adrenal medulla in 
isotonic sucrose have been prepared; these suspensions have been centrifuged 
at high speed over a specific gravity gradient. 

2. The different fractions thus obtained have been examined for catechol 
amines and ATP as well as for succinic dehydrogenase, fumarase and amine 
oxidase. 

3. The major part of the three enzymes was found in the upper fractions 
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of the gradient; catechol amines and ATP were present mainly in the lower 
fractions. 
4. It is concluded that mitochondria and chromaffin granules are different 


cytoplasmic particles. 


We are grateful to Dr W. D. McElroy for giving us the fireflies used in this work, and to 
Dr G. V. R. Born for placing his apparatus for the ATP determinations at our disposal. 
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THE EFFECT OF CORTICOSTEROIDS ON THE ISOLATED 
MAMMALIAN HEART AND ITS RESPONSE 
TO ADRENALINE 


By P. A. NASMYTH 


Department of Pharmacology, St Mary’s Hospital Medical School, 
London, W. 2 


(Received 17 April 1957) 


During the last few years there have been several reports of the effects of 
steroid substances on heart muscle. These effects have been obtained on a 
variety of preparations with widely differing doses. 

Cornman (1950) used tissue cultures of foetal heart fragments from chicks 
or mice, The beat of these fragments was first increased and then depressed 
by deoxycorticosterone. Nahum, Geller, Levine & Sikand (1951) and Emele & 
Bonnycastle (1956) used the electrically driven papillary muscle of the cat. 
Nahum et al. found that progesterone, at a concentration of 10-* g/ml. in 
80°% homologous serum, initially increased the force of the contraction and 
subsequently depressed it. The effects of pregnenolone were not different from 
those of the propylene glycol used to dissolve it. Emele & Bonnycastle found 
that corticosterone increased the force of the contraction at concentrations 
of 10-7 to 5x 10-7 g/ml., but at concentrations of 5 x 10-* and 10-* g/ml. the 
force was decreased. Hydrocortisone depressed the muscle at a concentration 
of 10-7 g/ml., stimulated it at 2-5 10-’ and depressed it at 5 x 10~? g/ml. 
At a concentration of 5 x 10-* g/ml. there was depression followed by stimula- 
tion. Deoxycorticosterone was ineffective at low concentrations and depres- 
sant at high concentrations. 

In 1954 Hoffman reported the effects of various corticoids on isolated frog 
and guinea-pig hearts. The frog hearts were perfused by Straub’s method and 
the guinea-pig hearts by Langendorf’s method. In these experiments con- 
centrations of deoxycorticosterone and cortisone of the order 10~* to 10-* g/ml. 
caused an initial stimulation followed by depression. There was a diminution 
of the coronary flow, which was considered to be the cause of the negative 
inotropic effect ultimately obtained. | 

In view of the diversity of the preparations used, the high concentrations 
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of steroids employed in most cases, and the mixed results obtained in these 
earlier works, it seemed desirable to re-investigate the actions on the mam- 
malian heart. 


METHODS 


Heart perfusion. Guinea-pig and rat hearts were perfused by the Langendorf method, using 
the apparatus described by Hancock & Nasmyth (1956). In the experiments using homologous 
plasma, defibrinated blood or heparinized blood, a re-circulation apparatus was used. This simply 
consisted of substitution of the usual Marriot bottle by a small glass funnel containing a cotton 
gauze filter. The outflow from the heart was collected into a rubber tube and conveyed back to the 
funnel by means of an ‘air’ (95% O,+5%CO,) lift, which also served to oxygenate the solution. 
Frothing in these solutions was prevented by the use of a sufficient quantity of ‘Antifoam A’ 
(Midland Silicones) which did not affect the heart beat in any way. 

Perfusion fluid. Krebs-Henseleit solution containing NaH,PO, instead of KH,PO, as a buffer 
was used at a temperature of 37° C unless otherwise stated. This solution had the following com- 
position: NaCl 0-69, KCl 0-035, CaCl, 0-028, MgSO, 0-0294, NaHCO, 0-21, NaH,PO, 0-0162, 
glucose 0-2, glass-distilled water to 100%, and is referred to as Krebs’s solution in the text. The 
same solution was also used to dilute the blood and plasma preparations. 

Defibrinated blood. This blood was obtained by heart puncture in guinea-pigs anaesthetized with 
ether, and was defibrinated by shaking it with glass beads in a beaker. The defibrinated blood 
was mixed with Krebe’s solution to give a final concentration of 30% of blood. 

Heparinized blood. This was also obtained by heart puncture, as described for defibrinated blood, 
except that heparin was included in the syringe and its final concentration was adjusted to 
10 u./ml, Heparinized blood also was used at a concentration of 30% in Krebs’s solution. 

Plasma. Blood was collected and heparinized as described above, and centrifuged at 2000 rev/ 
min for 1 hr. The plasma was then pipetted off, and Krebs’s solution was added until the plasma 
concentration in the mixture was 30%. 

Amplitude of heart beat. This was measured in terms of the magnitude of the excursion of the 
Brodie Universal Lever used to record the heart movements. 

Heart rate was recorded by adding a 1 sec time trace to the kymograph records and suitably in- 
creasing the drum speed. For quantitative measurements the rate was counted for 10 sec. 

Coronary flow was measured by collecting the outflow in a measuring cylinder for periods of 
5 min after the introduction of corticoids and recording the volume every minute. Qualitative 
records were made with an outflow recorder (Stephenson, 1948). 

Adrenalectomy. Rats weighing about 250-300 g were given 1 mg of pentobarbitone intraperi- 
toneally and anaesthesia was completed with ether. The adrenals were then removed through a 
mid-line incision in the skin of the back. 


Drugs 
Hydrocortisone (Cpd. F). Hydrocortistab (Boots Pure Drug Co.) or ‘Efcortelan’ (Glaxo Ltd.) 
was used. These were solutions of hydrocortisone (free alcohol) 5 mg/ml. in 50% ethyl alcohol. 
Appropriate dilutions of these solutions were made in Krebs’s solution to give the concentration 
required. Corresponding amounts of ethyl alcohol were added to the control Krebs’s solution. 
Corticosterone (Cpd.B). Stock solutions of corticosterone were made containing 1 mg/ml. in 
50% ethyl alcohol. Dilutions for use were made in Krebs’s solution and corresponding amounts of 

alcohol were added to the control Krebs’s solution. 
Adrenaline. A stock solution was made by dissolving 10 mg synthetic L-adrenaline in 1 ml. 0-1N- 
HCl and diluting to 10 ml. with distilled water. This solution was stored in a refrigerator and any 
remaining 14 days after ite preparation was discarded. Solutions for injection into the cannula 


1 pg/ml. 
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RESULTS 
Guinea-pig heart 

Effect of hydrocortisone (Cpd.F) 10-* g/ml. on amplitude, rate and coronary 
flow. In all the following experiments the heart was perfused for 10 min 
before any records were taken, in order that the preparation should have 
reached a steady state. After this period of stabilization records of the ampli- 
tude and rate of the heart beat were taken, and the coronary flow was 
measured, When the Kreb’s solution was changed for one containing hydro- 
cortisone at a concentration of 10~’ g/ml., there was a gradual reduction in the 
amplitude of the beat in all the experiments. The reduction began as soon 
as the dead space in the cannula had been cleared and was usually maximal 
within 5 min. In seven experiments the mean amplitude of the beat was 
30 mm during the control period. Five minutes after perfusion with hydro- 
cortisone the mean amplitude of the beat was 21 mm, representing a 30%, 
reduction. 

The mean heart rate before the introduction of hydrocortisone was 258/min. 
Five minutes after perfusion with hydrocortisone the mean rate had been 
reduced to 223 beats/min, representing a 12% reduction. The effect of the 
hydrocortisone on the heart rate was less in magnitude than its effect on the 
amplitude of the beat. However, in no instance was the heart rate increased 
or unchanged by the corticoid, and the reduction was significant. 

The effeet of reverting to the control perfusion fluid 5 min after perfusion 
with hydrocortisone was to cause some recovery in the amplitude and rate of 
the beat in some cases. Recovery, when it occurred, was always incomplete 
and was not maintained. 

The coronary flow was measured continuously for 3 min before the intro- 
duction of hydrocortisone, readings being taken every minute. Following 
the commencement of perfusion with hydrocortisone, measurements of the 
coronary flow were continued in a similar manner for 5 min. There was a 
gradual increase in the flow rate after the introduction of hydrocortisone 
until after 5 min it was 20% greater than it was during the control period. 
This increase in the coronary flow is depicted in Fig. 1 as also are the effects 
of hydrocortisone on the amplitude and rate of the heart beat. The mean 
figures are recorded in Table 1. 

Effects of hydrocortisone at a concentration of 10-* g/ml. At this concentra- 
tion the same pattern of events was observed. The difference lay in the wider 
variation in the results at this dose level. For example, the mean reduction in 
the amplitude of the beat wzs greater with this higher dose of the steroid, but 
there was a wide variation in the extent of the effect in different experiments. 
Despite the wide variation in degree, the effect of the steroid at this higher 
dose level was always to reduce the amplitude of the beat. pay 
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The effect of this concentration of hydrocortisone on the heart rate was 
inconsistent, being decreased in five experiments, increased in two, and in two 
remaining unchanged. The mean figures given in Table 1 show the heart 
rate to be reduced at this concentration but the reduction is not significant, 
since the change is not consistent. A record of the effects is presented in 


Fig. 1. 


Fig. 1. The effect of hydrocortisone (Cpd.F) on the rate, amplitude and coronary flow of the iso- 
lated guinea-pig heart perfused with Krebs’s solution. Tracing A shows the normal heart rate 
and amplitude; B the effect of adding hydrocortisone at a concentration 10~’ g/ml. to the 
perfusion fluid (upper tracing is the coronary flow recorded with a Stephenson outflow re- 
corder, downward movement of the lever indicates dilatation of the vessels); C, the heart rate 
5 min after perfusion with hydrocortisone. Tracings X, Y, and Z were obtained from another 
heart and show the effect of using a concentration of 10-* g/ml. hydrocortisone. 


The effect of lower concentrations of hydrocortisone. Two experiments were 
performed to obtain some idea of the lower limits of concentration at which the 
effects described above could be obtained. In one experiment well marked 
effects, identical with those described for hydrocortisone at a concentration 
of 10-* g/ml., were obtained when using a concentration of 10-* g/ml. 
At a concentration of 10-* g/ml., hydrocortisone was without effect on the 
one occasion on which it was tried. 
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Rat heart 
Effect of corticosterone (Cpd.B) 10-* g/ml. The experiments described above 
were repeated using rat hearts and corticosterone instead of hydrocortisone. 
Hydrocortisone is the normal secretion of the adrenal cortex in guinea-pigs, 
while corticosterone is the normal secretion in rats. 

In four experiments out of six the amplitude of the heart beat was reduced 
by the corticosterone, in one it was unchanged and in one it was slightly in- 
creased. The mean effect reported in Table 1 was a 22% reduction in the 
amplitude of the beat, but it was doubtful whether it was significant because 
it did not appear consistently. 


Fig. 2. The effect of corticosterone (Cpd.B) 10-’ g/ml. on the rate, amplitude and coronary flow of 
the isolated rat heart perfused with Krebs’s solution. Tracing A shows the heart rate and 
amplitude during the control period; in this instance the corticoid caused a slight increase 
in the amplitude of the beat. The upper tracing is the coronary flow recorded with a Stephen- 
son outflow recorder; upward movement of the lever indicates constriction. B shows the 
effect of adding corticosterone. C shows the heart rate 5 min after continuous perfusion with 
corticosterone. 


The mean heart rate was reduced by 34°% 5 min after perfusion with cor- 
ticosterone was started. The significance of this large difference reported in 
Table 1, is, however, not as great as might have been expected. The reason for 
the rather low value of less than 0-05 for the probability is that in one experi- 
ment the heart rate increased. 

The coronary flow was decreased by corticosterone in all but one experiment, 
in which it remained unchanged. However, the mean reduction of 20% in the 
coronary flow was significant, and the figure is reported in Table 1. The effects 
of corticosterone on the rat heart are depicted in Fig. 2. 

Effects of corticosterone (Cpd.B) 10-" g/ml. on hearts from adrenalectomized 
rats. It is easier to remove the adrenals from a rat than to perform the same 
operation in the guinea-pig. Accordingly, rats were used in these experiments 
to determine the effect of corticoids on hearts taken from animals suffering 
from cortical deficiency. . 
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Four hearts were used ; two were from animals operated on 24 hr previously 
and two were taken 72 hr after adrenalectomy. The first heart, taken 24 hr 
after operation, had a beat which was irregular in rate and amplitude, and 
perfusion with corticosterone did not appear to affect it in any way. The 
second heart had a regular beat and behaved exactly like the normal heart 
when perfused with corticosterone, showing a reduction in both force and rate. 
In both these hearts the coronary flow was decreased by corticosterone. 
Of the hearts taken 72 hr after adrenalectomy, one behaved like the normal 
hearts, while the other showed excessive sensitivity to adrenaline and the 
amplitude of the beat was slightly increased by corticosterone. The effects of 
the corticosterone on the coronary flow and on the heart rate were the same in 
this preparation as they were on normal hearts. In view of the great irregu- 
larities present in these hearts and the difficulty of assessing any changes 
further work with them was abandoned. 


The effect of corticosteroids on the response of the heart muscle to adrenaline 

Guinea-pigs. Adrenaline normally causes an increase in the rate and ampli- 
tude of beat of the isolated heart. Control experiments showed that provided 
the doses of 0-1 wg adrenaline were injected into the cannula at regular inter- 
vals of not less than 5 min there was only a very slight diminution in the re- 
sponse with successive doses. This diminution in the response was practically 
imperceptible between adjacent doses, and the changes produced by hydro- 
cortisone were therefore unmistakably due to the corticoid and not to any 
spontaneous change in the sensitivity of the heart muscle to adrenaline. 

In each experiment designed to assess the effect of hydrocortisone 10~’ g/ml. 
on the response of the heart to adrenaline, three doses of 0-1 ug were given at 
5 min intervals during the control period. The perfusion fluid was then changed 
for one containing the hydrocortisone, and 5 min later the first of two doses 
of 0-1 yg adrenaline was injected. In thirteen such experiments the mean in- 
crease in amplitude produced by adrenaline during the control period was 
26mm. Five minutes after the introduction of hydrocortisone it was only 
6-3 mm. Since the corticoid itself produced a reduction in the amplitude of the 
beat, it seemed undesirable to compare these two figures directly. By converting 
them to percentage increases the amplitude of the beat immediately before the 
dose of adrenaline was taken into account. On this basis the mean increase 
produced by adrenaline during the control period was 83% and 5 min after 
perfusion with hydrocortisone it was 35°%. The figures are presented in detail 
in Table 2 and the effect is depicted in Fig. 3. 

The effect of 0-1 ug adrenaline on the heart rate was determined in six 
experiments and the percentage increase before and after hydrocortisone 
(10-7 g/ml.) was estimated. The mean heart rate during the control period was 
increased by 26-2°% by adrenaline. Five minutes after perfusion with hydro- 
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cortisone adrenaline increased the rate by 24-6°%. These two figures are not 
significantly different from one another, nor are the actual figures for the 
increase in rate caused by adrenaline. These figures are presented in Table 2. 

The perfusion fluid containing hydrocortisone was changed for the control 
solution 5 min after recording the last response to adrenaline. There was very 
slight recovery after 5 min, but it was not maintained, even though perfusion 
with normal Krebs’s solution was continued. This effect is also shown in Fig. 3. 

Rats. The effects of corticosterone 10-? g/ml. on the response of the rat’s 
isolated perfused heart to 0-1 zg doses of adrenaline were also determined. 
Only the increase in. amplitude produced by adrenaline was measured and the 


Fig. 3. The effect of hydrocortisone 10-7 g/ml. on the response of the isolated perfused guinea-pig 

heart to adrenaline. Upper record, coronary flow, upward movement indicates coronary 
constriction, lower record, amplitude of heart beat. Tracing A shows the normal response to 
adrenaline (A); note that the coronary response is constriction followed by a small but pro- 
longed dilatation. Tracing B was obtained 5min after perfusing with hydrocortisone 10-" g/ml. ; 
the coronary response is now purely constrictor. Tracing C shows the response to adrenaline 
5 min after reverting to normal Krebs’s solution. X, Y and Z show the effects of hydro- 
cortisone 10~* g/ml. on the response to adrenaline. 
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figures are presented in Table 2. The adrenaline produced a greater increase 
in amplitude in the rat heart than it did in the guinea-pig heart and there 
was @ correspondingly greater reduction in the response in the presence of 
corticosterone. 

As with the guinea-pig heart a return to normal Krebs’s solution after 
5 min perfusion with corticosterone caused some recovery in the adrenaline 
response after a further 5 min. However, it was not maintained even though 
perfusion with normal Krebs’s solution was continued. The effect is shown in 


Fig. 4. 


Fig. 4. The effect of corticosterone (Cpd.B) 10-* g/ml. on the response of the isolated perfused rat 
heart to adrenaline. Upper records, coronary flow, upward movement indicates constriction : 
Tracing A, normal: B, 5 min after perfusion with corticosterone; C, 5 min after reverting to 
normal Krebs’s solution. 


The influence of hydrocortisone on the concentration of potassium in the 
perfusate from the guinea-pig heart 

The phenomenon described above could have been caused by interference 
with the potassium flux in and out of the cells in the heart muscle. In an 
attempt to test this possibility fourteen guinea-pig hearts were perfused with 
Krebs’s solution and the concentration of potassium in the perfusate was 
measured with a direct-reading flame photometer, capable of distinguishing 
differences of 0-05 m-equiv/i. Two samples were taken during the control 
period in each experiment and the mean figure for the potassium concentra- 
tion was calculated after they had been assessed. The perfusion fluid was then 
changed for one containing hydrocortisone at a concentration of 10-* g/ml. 
Samples of the perfusate were then collected every minute for 5 min and their 
potassium content was estimated. The results are reported in Table 3 and it is 
clear that the introduction of corticoid did not produce a detectable change in 
the potassium concentration of the perfusate. 

In a further series of experiments it was shown that when 0-1 yg adrenaline 
was injected the potassium concentration in the perfusate was significantly 
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increased. This increase in the potassium concentration still occurred when 
adrenaline was injected, 5 min after perfusion with hydrocortisone had com- 
menced. Thus it was evident that the reduced response of the heart muscle 
to adrenaline, after perfusion with a solution containing hydrocortisone, was 
not due to prevention of potassium efflux. 

Clearly the increased potassium content of the perfusate after adrenaline 
must have originated from the cells in the heart muscle. It might be expected 
that, following the effect of adrenaline, the heart would reabsorb the 
potassium which it had lost. Continuing observation on the concentration of 
potassium in the perfusate after the peak effect showed only a gradual return 
to the control value. 


in the perfusate from an isolated guinea-pig heart perfused by Langendorf’s method 
and after adrenaline. 


Control Adrenaline Difference Probability No. of expts. 
Krebs’s solution 
4-43 + 0-026 4-69 + 0-056 0-26 <0-01 14 
Krebs’s solution and hydrocortisone 10~* g/ml. 
4-41 40-026 4-68 +.0-072 0-27 <0-01 14 


The influence of blood and plasma on the response of the guinea-pig heart to 
cortwcoids. The effects of the corticoids on the isolated heart perfused with 
Krebs’s solution appeared to be entirely depressant. This was surprising, and 
it seemed to be of some interest to determine whether or not the presence of 
blood or plasma in the perfusion fluid would modify the effects. 

In the first experiment 30°, defibrinated blood was used. The heart beat, 
using this solution, was very much more vigorous than when Krebs’s solution 
alone was used. However, the response to a dose of 0-1 yg adrenaline was 
almost negligible. This reduced sensitivity to adrenaline was observed in all 
the experiments employing plasma or whole blood. A reasonable response 
could be obtained with a dose of 1-0 ug adrenaline, but since the perfusion 
fluid was re-circulated in these experiments it was deemed unwise repeatedly 
to inject relatively large doses of adrenaline. Observations were therefore con- 
fined to determining the effect of hydrocortisone on the rate and amplitude 
of the heart beat. When sufficient hydrocortisone was introduced into the 
reservoir to produce a final concentration of 10-’ g/ml. there was no effect of 
any consequence on either the amplitude or the rate of the heart beat. 

In the second experiment 30% heparinized blood was used and again a 
concentration of 10-7 g/ml. of hydrocortisone was without effect. In both the 
experiment using defibrinated blood and that employing heparinized blood 
the concentration of hydrocortisone was increased stepwise, and it was not 
until a concentration of 4x 10-5 g/ml. had been reached that an effect was 
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seen, comparable with that obtained in hearts perfused with Krebs’s solution 
containing hydrocortisone at a concentration of 10-’ g/ml. 

It seemed possible that the corticoids were being absorbed by the cellular 
elements. To test this, four experiments were performed using 30% of homo- 
logous plasma in Krebs’s solution as the perfusion fluid. The results obtained 
were identical with those employing defibrinated or heparinized blood. The 
mean amplitude of the beat in these four experiments during the control 
period was 55 mm. Five minutes after the corticoid had commenced to circu- 
late through the heart it was 54 mm. The mean heart rate was 254/min during 
the control period and 250/min after perfusion of the corticoid. | 


DISCUSSION 


When the isolated guinea-pig heart was perfused with Krebs’s solution, the 
introduction of hydrocortisone in concentrations which might normally be 
expected in the plasma caused a reduction in the amplitude and rate of the 
heart beat. The coronary flow was increased by the corticoid and the effect on 
the myocardium cannot therefore be explained in terms of a restriction in the 
supply of nutrient solution. Similar effects were observed in the rat, but in this 
species the coronary vessels were constricted. It is unlikely that the effect in 
the rat heart can be interpreted entirely in terms of coronary constriction, 
though this probably contributes to it. 

In both the guinea-pig and the rat the increase in amplitude of the heart beat 
produced by adrenaline was diminished by the corticoids. The increase in heart 
rate produced by adrenaline was measured only in the guinea-pig and was not 
significantly affected by the corticoid. The diminution in the amplitude of the 
response to adrenaline caused by the corticoid agrees with the observation of 
Hoffman (1954) that cortisone abolishes the effect of threshold doses of 
adrenaline in the frog heart. The fact that the corticoid influenced only the 
increase in the amplitude of the beat caused by adrenaline and not the in- 
crease in heart rate is interesting in view of the suggestion of Lands & Howard 
(1952) that there are different receptors for the rate and amplitude changes 
wrought by adrenaline. 

The attempt to explain the effects in terms of changes in the potassium flux 
was not entirely successful. It was shown that when corticoid was introduced 
the potassium concentration in the perfusate was unchanged, so far as could 
be determined by flame photometry. However, when a dose of adrenaline was 
given, the concentration of potassium in the perfusate was increased signifi- 
cantly at the peak of the effect on the myocardium, and it was constant 
whether corticoid was present or not. This extra potassium must clearly have 
come from the cells, and the efflux must have been rapid for the concentration 
in the Krebs’s solution to have risen measurably. Continuation of measure- 
ments of the potassium concentration in the perfusate during the period of 
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recovery from the dose of adrenaline showed only a relatively slow return to 
the normal concentration. This also occurred whether corticoid was present 
or not. Normally the potassium discharged during the response to adrenaline 
would be reabsorbed by the cells during the recovery period, but this process is 
evidently much slower than the discharge, since if it had been as rapid the 
concentration of potassium in the perfusate must have fallen below the normal 
levels during the recovery period. It is conceivable that the corticoids do not 
produce their effects on the myocardium by inhibiting potassium efflux, but 
by preventing potassium influx. This possibility is supported by the observa- 
tion of Cornman (1950) that foetal hearts stopped by high concentrations 
of potassium could be restarted with deoxycorticosterone. 

Concentrations of corticoid which produced a marked effect when the heart 
was perfused with Krebs’s solution were without effect when 30% defibrinated 
blood was used. It seemed that this might have been due to antagonism of 
the effect by substances such as 5-HT, which would be liberated from platelets 
by the process of defibrination. However, this possibility was eliminated by 
the experiment using 30% heparinized blood, since with this solution the 
corticoids were still without effect. Another possibility was that the corticoid 
was taken up by the cellular elements. This possibility was also eliminated, 
since it was shown that the corticoids were without effect when 30°% plasma 
was used. Other possibilities are that the blood or plasma already contains 
some endogenous corticoid, which has produced its effect before the exogenous 
corticoid is added. This seems unlikely, since the effect could be produced 
when the concentration was high enough. Daughaday & Bremer (1955) 
showed that at physiological concentrations corticosteroids are largely bound 
to plasma proteins. From the results of later work Daughaday (1956) con- 
cluded that human plasma contained two hydrocortisone binding systems. 
One, probably associated with albumin, has a low affinity for hydrocortisone 
but is not readily saturated. The other system, predominant under physio- 
logical conditions, has high affinity but is saturated at low hydrocortisone 
concentrations. It seems more likely, therefore, that the added corticoid is 
bound to the plasma proteins; and when so bound is unable to produce the 
effects which have been described. If this explanation is correct, then it is 
of importance to discover how the corticoid is made available to the tissues. 
Experiments are now being performed to elucidate this problem. 


SUMMARY 


1. Concentrations of 10-7 and 10-* g/ml. of hydrocortisone cause coronary 
dilatation and depression of the amplitude and rate of beating of the isolated 
guinea-pig heart perfused with Krebs’s solution. 

2. The isolated perfused rat heart is similarly but less certainly depressed 
by corticosterone. The coronary vessels are usually constricted by the corticoid. 
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3. The increase in the amplitude, but not the rate of the heart beat, caused 
by adrenaline, is depressed by corticoids in both the guinea-pig and the rat. 

4. The inhibition of the heart beat caused by hydrocortisone is not 
accompanied by any change in the potassium concentration in the perfusion 
fluid. When adrenaline is injected, however, the potassium concentration 
increases whether corticoid is present or not. 

5. When 30% of defibrinated blood, heparinized blood or plasma is used 
as the perfusion fluid, the corticoids are without effect unless relatively high 
concentrations are used. This is thought to be due to their adsorption. 


My thanks are due to Dr H. C. Stewart for his encouragement and advice and also to Dr W. H. H. 
Andrews for many helpful suggestions. I am much indebted to Miss B. Morris for her technical 
help; to the Sir Halley Stewart Trust for continued financial assistance and to Dr R. K. Callow 
of the Clinical Endocrinology Committee of the Medical Research Council for a supply of corti- 
costerone and hydrocortisone. 
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SOME EFFECTS OF CHANGE OF POSTURE ON WATER 
AND ELECTROLYTE EXCRETION BY 
THE HUMAN KIDNEY* 


By 8. THOMAS 
From the Department of Physiology, University of Manchester 


(Received 6 May 1957) 


Change of posture is known to be followed by alterations in the renal excre- 
tion of water and various urinary constituents. The earlier literature was 
summarized by Rosenbaum, Ferguson, Davis & Rossmeisl (1952). Change to 
the upright posture, whether by active standing (e.g. Kattus, Sinclair-Smith, 
Genest & Newman, 1949) or by passive tilting (e.g. Pearce & Newman, 1954), 
results in a rapid and marked decrease in urinary flow and in the outputs of 
sodium and chloride; the opposite changes occur after lying down (e.g. 
Kelser, Izbar, Estes & Warren, 1955). The effect of change of posture on the 
excretion of other urinary constituents, including potassium and inorganic 
phosphate, is less clear. 

The renal mechanisms operative in these postural alterations in urinary 
excretions are incompletely understood. The cardiovascular effects of change of 
posture (Sjéstrand, 1953) include changes in renal haemodynamics (Smith, 
1951) and when glomerular filtration rate (G.¥F.R.) alters it is difficult to evalu- 
ate the relative importance of glomerular and tubular factors, particularly in 
the short periods of observation used by most workers. 

The main object of the present work was to attempt to demonstrate the im- 
portance of alterations in tubular activity in the renal adjustments to change 
of posture. It seemed likely that while acute alterations in renal water and 
electrolyte excretion could be attributable to changes in renal haemody- 
namics, the occurrence of more prolonged changes, particularly in urinary 
hydrion outputs, might indicate the participation of renal tubular factors. 
In the experiments reported here, the urinary outputs of water, sodium, 
chloride, potassium, inorganic phosphate, bicarbonate and ammonium, and 
urinary pH, have been followed for several hours before and after change of 


* The material included in this paper formed part of a thesis submitted for the degree of M.D., 
University of Wales in June 1956. 
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posture. Allowance was made for spontaneous diurnal rhythmic variations 
in urine outputs (Stanbury & Thomson, 1951), by comparing these experiments 
with controls in which the initial posture was maintained. 


METHODS 

Experiments were performed on three healthy adults. After waking in the morning a light 

breakfast was taken; no more food was ingested during an experiment, and no caffeine-containing 

fluids or smoking were allowed. 

Four types of experiment were performed on each subject: 

Group I, recumbent control experiments in which the subject remained in bed after waking for at 
least 6 hr. 

Group II, experiments in which the subject remained in bed until mid morning, when he got up 
and then stood quietly for at least 3 hr. 

Group III, control standing experiments, in which the subject travelled to the laboratory in the 
morning and then stood quietly for at least 44 hr. 

Group IV, experiments similar to group III, except that at some time between 10.00 and 11.00 hr, 
after standing for 14-3 hr, the subject lay down and then remained recumbent for at least 
3 hr. 


Urine samples were collected by voluntary voiding every 30 or 60 min, and 100 ml. water was 
ingested hourly. To minimize bladder emptying errors the subject stood to void samples, and to 
minimize loss of carbon dioxide (Marshall, 1922) urine was collected and stored under liquid 
paraffin. 

Analytical methods employed were as follows: 

Sodium and potassium were estimated by flame photometer, EEL (Collins & Polkinhorne, 1952); 
Chloride by electrometric titration (Sanderson, 1952) ; 

Inorganic phosphate by the method of Fiske & Subbarow (1925); 

Bicarbonate by that of Van Slyke & Neill (1924); 

Ammonium by aeration and titration (Hawk, Oser & Summerson, 1947); 

pH by glass electrode at 37° C; 

Creatinine by the method of Bonsnes & Taussky (1945). 

“Phosphate titratable acid’ in the text refers to the fraction of urinary phosphate titratable to 
pH 7-4, and was calculated as described by Longson & Mills (1953). 

The base-equivalence of any particular urinary inorganic phosphate concentration, at the pre- 
vailing urinary pH, was calculated as 

P (2-2), 
where P = molar phosphate concentration, and x = fraction of molar phosphate existing as mono- 
yr dihydrogen phosphate, which was determined in the calculation of ‘phosphate titratable 

The urinary concentration of base-bound bicarbonate was calculated from the value of pK, at 
38° C =6-32 —0-5,/B (McGee & Hastings, 1942); B was taken as [Na] +[NH,]. 


RESULTS 


Four experiments of each type were performed, two on one subject (T) and 
one each on the other two subjects (B and C). In all the four control recumbent 
experiments there were changes attributable to the diurnal excretory rhythm 
in urine pH (Fig. 1), flow and the outputs of sodium, chloride, potassium and 
bicarbonate (Fig. 1), all of which increased from low early-morning values 
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to reach maximal values in mid morning, and then usually decreased towards 
the afternoon. Inorganic phosphate and ammonium outputs showed rhythmic 
variations in the reverse direction. In the control standing experiments on 
subjects T and C a clear diurnal rhythmic variation in urine excretion was 
also seen (Fig. 2), but the outputs of sodium, chloride and water were less. 
In subject B, however, there were no clear diurnal variations in the standing 
control experiment. 

From any series of four experiments on one subject two comparisons can be 
made; first, between groups I and II experiments showing the effects of stand- 
ing up as compared with continued recumbency, and secondly, between groups 
III and IV, showing the effects of lying down as compared with continued 
standing. 

Urine flow, sodium and chloride 

Comparison of groups I and II experiments shows that, within an hour of 
standing up, diminution occurred in urine flow and the outputs of sodium and 
chloride, which persisted during the prolonged maintenance of the new posture. . 
In the third hour of standing the sodium outputs were between 30 and 
70 wequiv/min compared with between 150 and 250 wequiv/min in corre- 
sponding recumbent periods, and flows in three of the four experiments were 
between 0-4 and 0-7 ml./min compared with between 2-0 and 3-4 ml./min. In 
one experiment on subject T the flow rose in the third hour of standing to 
1-9 ml./min. Changes in chloride outputs were similar to those for sodium, 
but usually less. Conversely, lying down consistently increased urine flow 
and the outputs of sodium and chloride. Subjects B and C showed immediate 
increases and the difference from controls became more marked as the re- 
cumbent position was maintained. In subject T there was little difference 
from controls for the first 2 hr. After this there was an arrest of the diurnal 
decline, and by early afternoon an absolute increase in output occurred at a 
time of day when continued standing resulted in a further decline. 


Potassium 

The qualitative pattern of the diurnal rhythmic variations seen in control 
experiments was usually maintained after standing up. In subjects B and C 
there was an initial fall in output, and in C the output remained lower. In 
subject B and in one experiment on subject T, however, an absolute increase 
occurred in the third hour of standing at a time of day when a diurnal rhythmic 
decrease normally occurs. After lying down the potassium outputs in subject 
T were almost identical with those in the control standing experiments. 
Subject B showed a considerable increase in potassium output within an 
hour of lying down, but this was followed by a decrease towards control 
values. Subject C showed a much smaller transient increase. 
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Inorganic phosphate 

Sprites diurnal rhythmic variations in inorganic phosphate outputs 
were conspicuous in the control recumbent and standing experiments on all 
three subjects, particularly T, with minimal outputs being found between 
09.00 and 11.00 hr. Standing caused no evident modification of the diurnal 
increase in excretion in subjects B and T, but a small decrease in C. Similarly 
lying down had no apparent effect on outputs in any of the subjects, since the 
diurnal increase in outputs found in the standing experiments was similar 
to:that present after lying down. 


x Subject T Subject C B 
65 
= 
2 
3 120, 4 
60 ‘ 


9 10 9 01213 9 011 12°93 
Time (hr) 
mained recumbent (B, A—A; C, 0—(); T, O—O) compared with expts. in which they 
changed from lying to standing (B, ‘A—--- A; C, @—---@; T, @—---@). 


Acid and alkali excretion 


In all subjects change of posture was followed by consistent alterations in 
urine acid—base balance as indicated by changes in urine pH, and in the out- 
puts of bicarbonate, ammonium and phosphate titratable acid. 

Standing after lying. In the three subjects urine pH values of over 6-5 were 
present in the later periods of continued recumbency; standing up, however, 


was followed by a decline to below 5-5 in subject T, and in subjects B and C 


the pH in the third hour of standing was below 5:2 (Fig. 1). 

These changes in urine pH were accompanied by changes in total bicar- 
bonate output (Fig. 1). Standing was followed by a rapid decrease in outputs 
in all subjects, and the difference from controls persisted on maintained stand- 
ing. In subject T bicarbonate outputs were under 5 pequiv/min in the third 
hour after standing up compared with over 40 pequiv/min on continued 
recumbency, and in the other subjects there were similar reductions. 


4 
09. 
30 
a 
« 
= 
Fi 
“ 
4, 


POSTURE AND RENAL EXCRETION 341 


Conversely, standing up caused an increase in ammonium outputs, least 
marked in subject C. In the two recumbent controls in subject T, diurnal 
decreases in outputs to minimal values of about 10 pequiv/min in the 
09.00-10.00 hr samples were followed by a maintenance of low outputs; 
standing up, however, was followed by a progressive increase to values of 
30 wequiv/min in the third hour of standing. Subject B showed an output of 
20 wequiv/min in the third hour of standing compared with 10 pequiv/min 
in the corresponding recumbent periods, and © 30 compared with 
17 pequiv/min (Fig. 1). 


v/min) 
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Fig. 2. Urine pH and the outputs of NH, and HCO, in expts. in which subjects B, C and T re- 
mained standing (B, A---4; C, @---@; T, @---@) compared with expts. in which 
they changed from standing to lying (B, A - -—A; C, 0--—O); T, O--—O). 


Lying after standing. Lying down was followed by an increase in the urine 
pH in all experiments, particularly in subjects B and C. In these subjects 
maintenance of standing was associated with a gradual fall in pH from early 
high values to about 5-0 by mid-day. After lying down, however, there was 
an increase to about 6-0 in C, and 7-0 in B and these high values were main- 
tained to the end of the experiments. In subject T differences were only 
evident in the third hour of recumbency (Fig. 2). 

These changes were accompanied by increases in bicarbonate outputs 
(Fig. 2). In subjects B and C the standing samples showed maximal values of 
5 pequiv/min; after lying down the outputs increased in all subjects, and in 
the third hour of recumbency the outputs were between 13 and 30 pequiv/min 
compared with between 2 and 5 pequiv/min in the equivalent standing 
periods. 

Ammonium outputs fell after the subjects lay down (Fig. 2), —_s 
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marked in subject C. There was at least an arrest of the usual diurnal increase 
in ammonium output, and in some experiments there was a diminution in the 
later periods, compared with a rise when the subjects remained standing. 


Creatinine 


When subject B stood up, creatinine output fell from 1-33 to 1-10 mg/min 
and the output remained at this level in the subsequent periods. A smaller 
fall was seen in subject C and in one experiment on T, but the output then rose 
to the previous levels. In the other experiment on subject T there was not 
even a temporary fall. After lying down there were no consistent alterations 
in creatinine outputs in subjects C and T apart from early transient increases. 
In B, however, outputs were slightly higher in all periods after lying down. 


Urinary ionic pattern 

Since the absolute outputs of some of these various urinary constituents 
altered in opposite directions after change of posture, there was a consider- 
able modification of the urinary ionic pattern. Of the normal urinary cations, 
Nat, K+ and NH,+ were determined in these experiments; of the urinary 
anions, Cl’, HCO,’ and inorganic phosphate. The sum of [Na+K-+NH,] 
gives the concentration of determined cations (m-equiv/|.) in any sample, and 
the sum of [Cl+ HCO, + base-equivalence (P) of molar phosphate] gives the 
concentration of determined anions. 

An indication of the relative changes in cation outputs may be obtained by 
calculating the percentage of determined anion output (A) covered by the 
particular cation (Na:A, K:A and NH,:A). Similarly, data on individual 
anions can be presented as the percentage of the determined cation output 
(B) covered by the particular anion (Cl: B, HCO,: B and P:B). In most col- 
lection periods the sum of (Na: 4 +K:A+NH,: A) exceeded 100%, since the 
sum of the determined cations exceeded the sum of the determined anions 
by 20-30 pequiv/min. In any one experiment this cation excess remained 
fairly constant and there was no evidence of the participation of undetermined 
anions in the renal response to change of posture. 

Fig. 3 shows the effect of standing up on these ionic excretory percentages, 
compared with a recumbent control, in subject T. Comparison of Fig. 3 with 
Fig. 4 shows that while the absolute sodium output varied in the control 
. recumbent experiment between 60 and 250 yequiv/min, the percentage of 
excreted anion covered by sodium (Na: A) remained more constant between 
60 and 70. Standing up, however, resulted in a fall in Na:A to about 40% 
in later periods. Standing produced the opposite changes in K: A and NH,:A 
(Fig. 3). After an early rise, K: A remained fairly constant at about 30% on 
continued recumbency, whereas standing up was followed by a rise to about 
55%. In the control recumbent experiment, NH,: A showed a diurnal de- 
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crease to below 5% in the later periods; standing up, however, caused an 
increase to 30%. 

Cl: B remained fairly constant at about 80% on maintained recumbency, 
and standing up produced only a temporary rise, but HCO,: B showed marked 
changes. In the control recumbent experiment there was a rise from early 
values of 3% to over 20%, accompanying the diurnal increase in absolute 


Na:A 


K:A 


NH4:A 


HCO;:B 


4 


Time (hr) 

Fig. 3. Percentage of determined urinary anion (A) covered by Na (Na: A), K (K:A) and NH, 
(NH,:A), and the percentage of urinary cation (B) covered by HCO, (HCO,:B): left, an 
expt. in which subject T remained lying (O—O) compared with an expt. in which he 
changed from lying to standing (@— --- @); right, an expt. in which subject T remained 
standing (@ --- @) compared with an expt. in which he changed from standing to lying 
(O---—O). 

bicarbonate output. Standing up, however, resulted in the amount of base 

covered by bicarbonate becoming negligible. The P: B percentage was almost 

unaffected by standing. 

Lying down caused the opposite changes (Fig. 3); Na:A increased while 
K:A and NH,:A decreased, and HCO,:B increased while Cl: B showed a 
small decrease. Similar results were found in the other subjects, the changes 
in NH,: A and HCO,:B being especially marked in subject B. 
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Hydrion excretion 

An assessment of the magnitude of urinary hydrion excretion may be made 
by summing the output of ammonium and phosphate titratable acid and sub- 
tracting base-bound bicarbonate output (Longson & Mills, 1953). Examples 
of urinary outputs of hydrion for subject T are given in Fig. 4. In the re- 
cumbent and standing control experiments diurnal rhythmic variations in 
hydrion outputs were evident. Lying down caused a marked decrease in 
hydrion excretion and, conversely, standing up was followed by an increase 
in hydrion output. Similar results were obtained in the other subjects, being 
particularly evident in subject B. 


Subject T 


Na (Zequiv/min) 


Urinary outputs 
é 


+ 
So 


H+ (gequiv/min) 
° 


Time (hr) 
Fig. 4. Urinary outputs of Na and hydrion (H*); left, an expt. in which subject T remained re- 
cumbent compared with an expt. in which he changed from lying to standing; right, an 


expt. in which subject T remained standing compared with an expt. in which he changed from 
standing to lying. Symbols as in Fig. 3. 


DISCUSSION 


The acute reductions in urine flow and in outputs of sodium and chloride 
observed after standing, and the reverse changes after lying down, confirm 
the abundant observations in the literature (Lewis, Buie, Sevier & Harrison, 
1950; McCance, 1951; Viar, Oliver, Eisenberg, Willis, Lombardo & Harrison, 
1951; Chalmers & Squires, 1953; Goodyer & Seldin, 1953; Netravisesh, 1953; 
Holland & Stead, 1954; Pearce & Newman, 1954); in addition, the present 
experiments show that these changes persist for many hours. The present 
findings that change of posture had comparatively little prolonged effect on 
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absolute potassium and phosphate outputs, when allowance was made for 
diurnal rhythmic variations, supplement previous reports on potassium 
(e.g. Kattus ef al. 1949; Viersma & ten Holt, 1950; Viar et al. 1951; Rosenbaum 
Nelson, Strauss, Davis & Rossmeisl, 1953; Bachman & Youmans, 1953) and 
phosphate (Kattus et al. 1949; Pearce & Simmons, 1954). © 

There are few observations in the literature on acid-base changes after 
alteration of posture. Bachman & Youmans (1953) and Pearce & Simons 
(1954) found no change in ammonium excretion in the upright position, while 
Goodyer & Seldin (1953) claimed a slight decrease ; absence of effect on titratable 
acid excretion, in spite of a consistent change in pH and bicarbonate excretion, 
has been reported (Pearce & Simmons, 1954). Changes in urine bicarbonate 
excretion and pH are evident in the data of White, Rosen, Fischer & Wood 
(1926) and Bazett, Thurlow, Crowell & Stewart (1924); a fall in the ratio 
Cl: (Na+ K) with a rise in pH after lying down was noted by Mills & Stanbury 
(1952), and this suggests a rise in bicarbonate excretion. The present consistent 
effect of change of posture on urinary pH and on the outputs of bicarbonate 
and ammonium was often only made evident by comparison with control 
experiments in which the initial posture was maintained, and by prolonged 
maintenance of the new posture. | 

The ionic pattern of urine samples after change of posture shows that, apart 
from the changes in absolute output of sodium, there were also changes in the 
magnitude of sodium excretion relative to the other ionic constituents. Thus 
the decrease in absolute sodium output caused by standing was relatively 
greater than the decrease in total determined anion output, so that sodium 
covered a smaller proportion of the excreted anion. The increase in K:A on 
standing, even where no appreciable alteration in absolute output of potassium 
occurred, and the considerable increase in NH,: A, even though the absolute 
increase in ammonium output was small, reflect the decrease in total anion 
outputs. 

Change of posture had a striking effect on the relative contribution of 
bicarbonate to the acid-base balance of the urine; on standing, bicarbonate 
covered a very small proportion of excreted base, while in recumbency the 
proportion was much higher. Changes in Cl: B were less obvious, except where 
considerable changes in HCO,:B occurred, when Cl: B altered in the opposite 
direction. | 

The occurrence of little change in the percentage of excreted base covered 
by inorganic phosphate, despite an unaltered molar phosphate output in the 
presence of altered base output, seemed to be secondary to the alteration in 
urinary pH. On standing, for example, the reduction in urinary pH led to a 
lowered base-equivalence of the molar phosphate output which paralleled 
the reduction in total base excretion, so that the percentage P: B showed little 


change. 
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The intrarenal mechanisms involved in the renal response to change of posture 

Alterations in urinary excretion of water and electrolytes might be due to 
change in filtered load, or in quantitative tubular reabsorption, or to a com- 
bination of both. As a possible factor in any change of filtered load, change in 
plasma sodium concentration can be excluded (Kattus et al. 1949; Epstein, 
Goodyer, Lawrason & Relman, 1951; Pearce & Newman, 1954; Thomas, 
1956), and there is no evidence of alteration in plasma potassium concentra- 
tion (Thomas, 1956). 

The presence of any alteration in G.F.R. after change of posture (White & 
Rolf, 1948; Epstein et al. 1951; Goodyer & Seldin, 1953) is a complication in 
any attempt to assess the possible participation of change in tubular function 
in renal postural responses. Most suggestions of an altered tubular reabsorption 
of sodium have depended on the demonstration of marked alterations in 
sodium excretion when changes in endogenous creatinine or inulin clearances 
were small or absent (Viar et al. 1951; Epstein et al. 1951; Pearce & 
Newman, 1954; Thomas, 1956) or of a larger percentage alteration in sodium 
excretion than in G.¥.z. (Chalmers & Squires, 1953). However, because sodium 
and water excretion normally represents only a small percentage of the filtered 
load, considerable changes in urinary excretion might result from small 
changes in G.F.R. In the present experiments an attempt to minimize possible 
changes in G.F.R. was made by allowing sufficient muscular movement while 
the subjects were standing to avoid subjective syncopal sensations, and by 
prolonging the observations, when any acute changes in G.F.R. might be ex- 
pected to have become stabilized. Under these circumstances the alterations 
in absolute outputs of ammonium and bicarbonate and the changes in urinary 
pH and ionic pattern become more significant and indicate an alteration in 
the magnitude of tubular hydrion secretion. 

On current theory the renal production of titratable acid and ammonium 
and part, at least, of the tubular reabsorption of bicarbonate are functionally 
related by being manifestations of the distal tubular ion exchange of sodium 
for hydrion (Gilman & Brazeau, 1953). The present demonstration of alteration 
in hydrion excretion (Fig. 4) provides strong evidence of the participation of 
the Na+ = H* exchange mechanism in the renal response to change of posture. 
Standing appears to increase the magnitude of this exchange, with a decrease 
in sodium excretion and an increase in hydrion excretion, as manifested by 
increased ammonium and titratable acid excretion and a decrease in urinary 
pH and in bicarbonate output. Lying down depresses the magnitude of this 
exchange. 

The contribution of this change in ion exchange co the total alteration in 
sodium excretion was variable, but usually at least 50% of the change in 
sodium excretion could be attributed to this mechanism. In many periods 
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the alteration in sodium excretion could be entirely accounted for by change in 
hydrion excretion. Some of the quantitative variation between experiments 
is presumably related to the varying change in c.¥.R. that may occur after 
change of posture. In some experiments the percentage of the change in 
sodium output attributable to the change in hydrion output. progressively 
increased, from the early periods when change in G.¥.R. might be maximal 


to the later periods when the altered posture had been maintained for some 
hours. 


Subiect T [] Subject C ] Subject B 
| 
x 3 - 

0 


9 10 11 12 13 42: 9 10 11 12 13 
Time (hr) | 

Fig. 5. Ratio of excreted Na to excreted K (Na:K): top, in expts. on subjects B, C and T in which 
they remained recumbent (B, A—A; C, O—O; T, O—O) compared with expts. in which 
they changed from lying to standing (B, A—---A&; C, @—---@; T, @—---@); and 
below, in expts. in which they remained standing (B, A---A; C, @---@; T, @ --- @) 
compared with expts. in which they changed from standing to lying (B, A---—A; 
C,O---—); T, O ---—O.) 


There was little evidence in the present experiments to indicate any com- 
petition between secreted H+ and K+ for available Na+ (Berliner, Kennedy & 
Orloff, 1951), since any early changes in potassium outputs were usually small 
and transient. In the two experiments where standing up was followed by 
small increases in potassium excretion in the later periods, an increase in 
Na+ = K+ exchange presumably occurred in the presence of increased 
Na+ = H+ exchange. 

More suggestive evidence of an alteration in the magnitude of Nat = K+ ex- 
change, in the same direction as change in Nat = H*+ exchange, is provided by 
consideration of the ratio of excreted sodium to potassium (Na:K). Fig. 5 
illustrates experiments on all three subjects, and shows that standing up 
compared with continued recumbency progressively decreased Na: K, and that 
lying down compared with continued standing progressively increased Na: K, 
though more slowly. 
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Standing, therefore, seems to have caused a specific tubular retention of 
sodium, in addition to any retention secondary to change in G.¥.8. This tubular 
retention of sodium seems to have been effected by increase in the magnitude 
of Nat = H+ exchange, but an increased Na+ = K+ exchange may also have 
been involved. If the need for sodium conservation during standing is en- 
hanced, as during a sulphate diuresis, the presence of an increase in Na+ = K+, 
as well as in Na+= H+, exchange may become more obvious (Epstein, 
Kleeman, Lamdin & Rubini, 1956). 

Surtshin & White (1956) have emphasized alterations in proximal, rather 
than distal, reabsorption of sodium in renal postural responses. This conclu- 
sion depended on several assumptions, including that of complete suppression 
of antidiuretic hormone (ADH) secretion under conditions of maximal water 
diuresis in both the standing and recumbent positions. However, it 1s possible 
that the reduced flows of urine in the standing position, even in maximally 
hydrated subjects, may be partly related to ADH secretion (McCance, 1951; 
Rosenbaum eft al. 1953; Pearce & Newman, 1954). 

The present experiments give no direct evidence as to the nature of the 
stimulus which caused such variations in tubular ion-exchange processes, 
but it appears unlikely that alterations in the acid—base balance of body fluids 
account for the altered bicarbonate excretion. There is a tendency for alveolar 
partial pressure of carbon dioxide (pCO,) to increase in recumbency (Higgins, 
1914), while Main (1937) reported a small but significant rise of 0-03—0-06 in 
blood pH on standing. The increased bicarbonate excretion after lying down 
is therefore in the opposite direction to that expected from any direct effect 
of plasma pCO, on tubular reabsorption of bicarbonate (Brazeau & Gilman, 
1953; Dorman, Sullivan & Pitts, 1954). 

Change of posture is well known to be one of the circumstances leading to 
an alteration in the dynamic distribution of extracellular fluid between the 
intravascular and extravascular compartments (Asmussen, Christensen & 
Nielsen, 1940), and such effects persist for many hours, as indicated by altera- 
tions in blood composition (Widdowson & McCance, 1951). There is consider- 
able evidence for the existence of some ‘volume receptor’ mechanism, re- 
sponsive to changes either in the total volume, or some related function, of 
the extracellular fluid (Wrong, 1957), and variations in aldosterone secretion 
may be involved in this mechanism (Bartter, 1956). Although it is unlikely 
that changes in aldosterone secretion could account for the immediate altera- 
tions in sodium excretion after change of posture, it seems more probable 
that such changes in hormone output could explain the prolonged alterations 
found in the present experiments. In particular, the progressive effects on 
(a) urinary pH and the outputs of sodium, bicarbonate, ammonium and 
titratable acid, (6) ionic pattern, (c) the proportion of the change in sodium 
output attributable to change in hydrion excretion, and (@) the Na:K ex- 
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cretory ratio, all suggest a hormonal mechanism rather than effects secondary 
to any change in G.¥.R., which would be expected to be maximal immediately 
after the change of posture. Such progressive alterations are compatible with 
variations in adrenocorticoid secretion since adrenocorticoids appear to in- 
fluence tubular transport of sodium (Roemmelt, Sartorius & Pitts, 1949), 
potassium (Ingbar, Kass, Burnett, Relman, Burrows & Sisson, 1951), ammo- 
nium and titratable acid (Sartorius, Calhoun & Pitts, 1953) and tubular 
reabsorption of bicarbonate (Giebisch & Macleod, 1955). 

Rosenbaum, Papper & Ashley (1955) concluded that postural changes in 
sodium excretion, while dependent on the presence of adrenal hormone, were 
independent of alteration in hormone activity. They assumed that the ad- 
ministration of exogenous cortisone in their patients with Addison’s disease 
would completely suppress any endogenous activity, but there are reports that 
cortisone administration does not suppress endogenous aldosterone secretion 
(Liddle, Bartter, Duncan, Barber & Delea, 1955; Farrell, Banks & Koletsky, 
1956). 

The present results, therefore, seem consistent with the view that change of 
posture may affect some extracellular fluid volume receptor mechanism 
which, via an adrenal cortical hormone, presumably aldosterone, varies 
sodium reabsorption in the renal tubules by influencing the magnitude of ion- 
exchange processes, particularly Na+ = H+ exchange. 


SUMMARY 


1. In morning experiments on three subjects, urinary pH and flow and the 
outputs of sodium, potassium, chloride, ammonium, bicarbonate and phos- 
phate were determined for several hours after change of posture from lying 
to standing, and from standing to lying, and compared with control experi- 
ments in which the initial posture was maintained. 

2. Standing up was followed by prolonged reductions in urine flow and in 
sodium and chloride outputs, and lying down by the opposite changes. 

3. Changes in potassium and phosphate outputs were usually absent, or 
small and transient, and diurnal rhythmic variations were hardly affected. In 
two experiments small increases in potassium output occurred in the third 
hour after standing up. 

4. Standing up was consistently followed by a decrease in urine pH and 
bicarbonate output and an increase in ammonium and titratable acid outputs; 
lying down was followed by the opposite changes. These changes in urine 
acid-base balance became more pronounced or prolonged maintenance of the 
new posture. 

5. After standing up the percentage of urinary anion (A) covered by 
sodium (Na: A) decreased, while K: A and NH,: A increased ; the percentage of 
excreted cation (B) covered by bicarbonate (HCO,:B) decreased, and Cl: B 
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showed smiall inconstant increases. The opposite changes occurred after lying 
down. 

6. Standing up was followed by an increased, and lying down by a de- 
creased, hydrion excretion; the percentage of the change in sodium output 
attributable to the opposite change in hydrion output was variable, but often 
progressively rose on maintenance of the new posture. 

7. It is concluded that part, at least, of the sodium retention caused by 
standing and of the increased sodium excretion after lying down is attributable 
to an altered tubular Na+ = H+ exchange. 

8. These results are considered to be consistent with a view that change of 
posture causes a specific alteration of tubular ion-exchange processes, possibly 
by a hormonal mechanism. 


I wish to thank Dr J. N. Mills for help and advice, Mr P. J. Conlan for technical assistance 
and the subjects who volunteered for these experiments. 
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RESPONSES FROM MUCOSAL MECHANORECEPTORS IN THE 
SMALL INTESTINE OF THE CAT 


By A. 8. PAINTAL* 


From the Vallabhbhai Patel Chest Institute, Delhi University, and the Physiology 
Department, Albert Einstein College of Medicine, New York 61, N.Y. 


(Recewed 7 May 1957) 


Tower (1933) recorded the discharge of impulses in the sympathetic rami of 
the frog and showed clearly that they contain afferent fibres from the in- 
testine. In the cat, observations of this nature were made several years later 
by Gernandt & Zotterman (1946). They found that continuous or rhythmical 
spontaneous discharges occurred in intestinal afferent fibres running in the 
mesenteric and splanchnic nerves, and that local pinching and the passing 
of peristaltic waves stimulated the receptors of these fibres. Further they, 
and later Brown & Gray (1948), also observed that acetylcholine aroused 
impulses in some of these intestinal fibres. Subsequently Bein & Meier pub- 
lished records which suggested that there were distension-sensitive receptors 
in the cat’s intestine (Meier & Bein, 1950; Bein & Meier, 1951). Unfortunately, 
Bein & Meier did not attach much importance to this significant finding as 
they were primarily interested in the effects of drugs on the autonomic system. 
Very recently Iggo (1957a) has added valuable information concerning in- 
testinal receptors of this type innervated by vagal afferent fibres. 

On the other hand, it is known that there are certain intestinal vagal 
afferent fibres in which impulses appear on local squeezing but not on disten- 
sion of the intestine (Paintal, 1954a, 6). However, apart from the response of 
these distension-insensitive receptors to certain chemical substances little is 
known about their normal excitation. The present investigation was under- 
taken to study this problem, and the endings concerned have been found to be 
mechanoreceptors associated with muscular elements in the mucosal layers of 
the small intestine. 

METHODS 
Experiments were carried out on cats anaesthetized with chloralose. Vagal afferent fibres were 


_ dissected according to previously described methods (Paintal, 1953). Distension of the stomach 


was carried out by a balloon inserted via the mouth. In all the experiments a catheter was 
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inserted into the right atrium through the external jugular vein. In the earlier experiments a 
catheter was also inserted near the bifurcation of the abdominal aorta and pushed cranially so 
that its tip lay about 1-2-5 cm above the aortic opening of the diaphragm. Both these catheters 
were used for injecting chemical substances into the circulation. | 

The intra-intestinal pressure was recorded locally near the receptor whenever necessary. This 
was done by inserting into the intestinal lumen a glass tube which was connected by @ narrow piece 
of polyethylene tubing to a mirror membrane manometer. 

In order to perfuse the intestine with solutions of different chemical substances two openings 
were made in the intestine, one above and the other below the location of the receptor. Sub- 
stances were usually introduced into the opening on the oral side of the receptor and allowed to 
flow out through the other. 

In two cats changes in the villi following application of various solutions were observed by 
reflected light, using a loupe or dissecting microscope ( x 6 or x 10). For this purpose a 5-10 cm 
length of the small intestine was simply slit along the antimesenteric border to expose the mucosa. 
Sometimes the external coats of longitudinal and circular muscle were first removed leaving the 
muscularis mucosae and the mucous membrane intact; the intestine was then slit along the anti- 
mesenteric side to expose the mucosa. The observations on the villi were made separately and not 
simultaneously with those on the intestinal receptors. 


RESULTS 


Observations have been gathered from a total of seventeen distension- 
insensitive intestinal mechanoreceptors, These constitute a homogenous 
group in that they possessed certain typical characteristics. 

Since the procedures for isolating afferent fibres influence the type of fibres 
that come under observation, these procedures will be described briefly. The 
first seven receptors were isolated by using phenyl diguanide to stimulate these 
receptors. Since phenyl diguanide also stimulates distension-sensitive recep- 
tors in the stomach (Paintal, 19546; Iggo, 1957a), efforts were directed at 
dissecting filaments which yielded a discharge of impulses following injection 
of about 175 wg phenyl diguanide into the aorta, but not following distension 
of the stomach. On obtaining such a filament, attempts were made to locate 
the ending in some portion of the small intestine. This was achieved in five 
of the seven receptors by observing a discharge of impulses on squeezing a 
localized portion of the small intestine (Fig. 5A). The fact that the other two 
were also located in the small intestine was confirmed by noting that they were 
stimulated in a characteristic manner following introduction of NaCl solution 
30% (w/v) into the lumen of the intestine (see below). 

Although other substances such as 5-hydroxytryptamine can also stimulate 
these receptors (Paintal, 19546), phenyl diguanide has been the most useful 
for isolation of their afferent fibres because it yields reproducible effects 
without apparent damage to the preparation. Other substances found to 
excite these receptors on injection into the circulation are nicotine and 
potassium chloride (Fig. 1). Acetylcholine, 88 wg, had no effect on the re- 
ceptor illustrated in Fig. 1. It should be noted that phenyl diguanide also 
consistently stimulates distension-sensitive intestinal receptors (Iggo, 1957<). 
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By the time the first seven receptors had been studied it became clear that 
they possessed an unimpressive but nevertheless characteristic type of span- 
taneous activity (Fig. 2), which is described below. This type of spontaneous 
activity was thereafter used as a means for detecting fibres of these receptors. 
On isolating a filament which showed such spontaneous activity, but which was 
unaffected by gastric distension, phenyl diguanide was injected into the right 
atrium. If a discharge of impulses appeared with characteristic latency (see 
Paintal, 19544, 6), attempts were then made to locate the receptor in the small 
intestine. The remaining ten fibres were isolated in this manner. 


Fig. 1. Responses of a distension-i itive mucosal receptor in the small intestine to intra- 
aortic injection of the following substances. A, phenyl diguanide 175 ug; B, ACh 88 yg; 
C, nicotine 175 ug; D, 1-75 ml. KCl (1-2%). From above downwards in each record : impulses 
in a fibre; time marker 0-1 sec; injection signal. 


On locating a receptor, the region of the intestine concerned was marked 
appropriately, and at the end of the experiment its position in relation to the 
total length of the small intestine was determined. For this purpose the small 
intestine was excised from the pylorus to the ileocoecal junction and spread 
lengthwise on a flat surface. Since the length of the small intestine varied 
somewhat in different preparations, the position of the receptors has been 
expressed relative to the total length of the small intestine—the pylorus being 
regarded as 0% and the ileocoecal junction as 100%. Reckoned in this way 
the positions of the fifteen receptors were as follows: 5, 12, 17, 27, 35, 49, 50, 
56, 58, 64, 65, 66, 75, 79 and 96%. These figures indicate that the intestinal 
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receptors are not selectively located in any particular region of the small 
intestine. 

In a number of experiments transverse section of the intestine about 2-5 om 
to the oral side of the receptor abolished its activity, thus showing that the 
afferent fibres concerned ran caudally for a short distance in the small intestine 
before reaching the receptor. However, in one case this procedure had no 


effect although removing the portion of the intestine containing the receptor 
abolished all activity. 


TaBiE 1. Some characteristics of cyclical spontaneous activity in nine intestinal 


Fig. 2. A typical spontaneous discharge of impulses in an intestinal fibre. These discharges 
occurred 3-5 times/min. Time marker 0-1 sec. 


Spontaneous activity 

A significant feature of these intestinal receptors is the characteristic 
spontaneous activity that may be observed on careful inspection (Figs. 2-4). 
In thirteen fibres this consisted of groups of discharges of variable duration 
interspersed with periods of inactivity. Some of the characteristics of periodic 
activity in ten of these fibres are given in Table 1. The duration of the grouped 
discharges varied from 0-7 to 14 sec in different fibres. The groups appeared at 
a frequency of 2-6/min. The peak frequency of impulses varied from 7 to 
26 impulses/sec. Between groups there were often no impulses. When the 
receptors were stimulated artificially, e.g. by 30% NaCl, the spontaneous 


activit 
lus (Fi 
The 
ably in 
which 
| 
: 
| q 
mechanoreceptors 
Duration Peak frequency Frequency E 
1 Serial no. of cyclical of discharge of groups 
of fibre discharge (sec) (impulses /sec) (groups/min) 
3 1-7 15 3-4 
q 6 2-0 20 <4 
; 7 0-7-1-2 19-26 4-6 
8 6-0 12 >2<10 
9 9-14 18-25 24 
. ll 6-0 10 4 Fig. 3. 
13 5-5 8 3-4 
14 6-0 7 6 Ma 
‘j 17 3-0 15 5 
its 
| the 
ope 
tha 
q enh 
inte 


INTESTINAL MECHANORECEPTORS 357 
activity was superimposed on the discharge initiated by the artificial stimu- 
lus (Fig. 3). 

The occurrence of peristaltic rushes was at times associated with consider- 
ably increased activity in these intestinal fibres. This is illustrated in Fig. 4, 
which is a graph of spontaneous activity that occurred in a fibre at a time when 
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Seconds 
Fig. 3. Impulse activity in the fibre illustrated in Fig. 2 after introduction of 30% NaCl into the 
lumen of the small intestine. Note stimulation of receptor and that the bursts of spontaneous 
activity (e.g. between 10 and 13 sec) are superimposed on the general level of excitation. 
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Fig. 4. Spontaneous activity in an intestinal fibre after the end of a period of stimulation by 
30% NaCl. The intestine had been incised a short distance caudal to the receptor and the 
appearance of intestinal contents from this opening was observed. Note the appreciable 
increase in the frequency of impulses a short while before the tape-worm was extruded, | . 

its receptor was being stimulated much more than normally some time after 

the introduction of 30° NaCl into the intestinal lumen. In this case an 
opening was made caudal to the location of the receptor, and it was observed 
that during the period of peristaltic rushes the activity in this receptor was 
enhanced considerably. These rushes were associated with the outflow of 
intestinal contents through the opening caudal to the receptor. Indeed, in 
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one record from which Fig. 4 has been plotted it was possible to correlate the 
discharge of impulses in this fibre with the appearance of the contents from the 
opening. This figure also shows the possible effect of the nature of the con- 
tents inasmuch as the passage of a tape-worm apparently produced an 
appreciably greater increase in the discharge of impulses than that produced 
by the viscid intestinal contents alone. In this fibre the spontaneous dis- 
charge of impulses disappeared when the peristaltic rushes ceased and the 
intestine seemed to be at a standstill. A little later in this experiment a second 
opening was made, this time on the oral side of the receptor; the peristaltic 
rushes now failed to arouse the receptor and it was noted that the contents 
flowed out of the new opening and were thus unable to flow past the receptor 
It would thus appear that the spontaneous activity of these receptors is in 
some way related to the passage of intestinal contents. 

In three experiments the spontaneous activity was unchanged after local 
application of atropine which caused the intestine to be markedly atonic and 
free from contractions. Conversely, in many cases it was confirmed that strong 
local contractions of the intestine did not stimulate the receptors. It seems 
therefore that contraction of the external muscles of the intestines is not the 
primary factor in the normal excitation of these receptors. 


Responses to mechanical stimuli 
Squeezing localized portions of the intestine repeatedly as a rule stimulated 
fifteen of the receptors examined on each trial (Fig. 5A). Sometimes for no 
apparent reason they were not stimulated in spite of strong compressions, 
which, to be effective, had usually to be distributed over an area of about 


3-4 cm*, The latency between the application of pressure and the beginning 


of the discharge varied between 0-2 and 1-5 sec (average, 0-6 sec). 

The discharge evoked by local compression usually had a duration less than 
or nearly equal to the duration of the stimulus. However, in five fibres the 
discharge outlasted the stimulus by several seconds. In three of these fibres, 
after the local pressure had stimulated the receptor in the usual manner, there 
was a short gap lasting about a second, after which the discharge started once 
again. This delayed discharge lasted about 1 sec in two of these fibres; in the 
third it lasted 14 sec (Fig. 6). In the remaining two fibres there was no gap 
separating the early from the late discharge but there was a continuous 
discharge lasting 9 and 14 sec respectively; the duration of the stimulus in 
these cases being not more than 1-8 sec. The discharge occurring during the 
period of compression may be attributed to a mechanical stimulation of the 
receptor. However, the delayed discharge must be attributed to an event 
aroused by the compression, This event could be the contraction of the smooth 
muscles locally, and, as will be shown below, the muscle concerned is most 
probably the muscularis mucosae. 
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Fig. 5. Effects of mechanical stimuli on the same fibre illustrated in Fig. 1. A, the effects 
on the receptor of squeezing the intestine locally; B, distension of the intestine with 
0-9% NaCl; C, stroking the mucosa locally with rubber tubing. The stimuli were applied 
at the signals shown in the lowest trace in each record. B also has a record of the intra- 
intestinal pressure. Time marker 0-1 sec. 


Fig. 6. Secondary stimulation of an intestinal receptor by local pressure applied at signal in A. 
The stimulus seems to have excited the receptor directly as shown by the few impulses which 
coincide with the signal. However, the secondary discharge which started about 1-3 sec 
after the end of the pressure in A is more intense and it continued for about 14 sec. A and B 
are continuous. Time marker 0-1 sec. (This record is different from others because it was 
recorded on film instead of sensitive photographic paper.) 
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In most of these receptors it was clear, from the negative effect of intro- 
ducing 0-9% NaCl rapidly into the lumen locally, that a rise of intestinal 
pressure or distension of the intestine did not stimulate the receptors. Grossly 
distending the intestine repeatedly with 0-9°% NaCl to pressures above 30- 
40 mm Hg did not affect four receptors at all (Fig. 5B). However, distension 
did yield a discharge of impulses in two fibres after a variable latency. This 
response could not be obtained repeatedly and the discharge, once produced, 
was unaffected by rapidly lowering the pressure to zero. This indicates that 
distension can stimulate some of these intestinal receptors, but this is not 
related intimately to stretching of the intestinal wall in a manner characteristic 
of distension-sensitive intestinal receptors (see Fig. 3 in Iggo, 1957a@). As 


with local digital compression of the intestine it would seem that distension 


initiated an event, presumably contraction of smooth muscles, which in turn 
stimulated the receptors. 

Five receptors were stimulated by stroking the mucous membrane with a 
solid object—a glass rod, or rubber tubing (Fig. 5C). Another receptor was 
stimulated by the manual propulsion of a sponge bolus. Three receptors could 
not be stimulated by the above stimuli applied to the mucosa. 

In three experiments the receptors were stimulated by the passage of 
intestinal contents which were made to move past the receptor by massaging 
the intestine caudally. In another experiment injection of the intestinal con- 
tents with a syringe also gave rise to a discharge of impulses. However, in the 
latter case, there was a latency of 4 sec between the beginning of injection and 
the discharge of impulses. Since nearly all the contents had flowed past the 
receptor by 4 sec it seems the receptor must have been stimulated by a second- 
ary event, once again probably the contractions of the muscularis mucosae. 
The fact that the mechanical stimulus of fluid motion per se had little to do 
with the excitation was evident from the observation that rapid introduction 
of 0-9°% NaCl or other solutions or perfusions with these solutions stimulated 
these receptors only rarely. 

The part played by local contractions of the external muscles in stimulating 
the receptors has to be considered. In this regard a short length of the intes- 
tine containing the receptor was painted with 10% ACh and 0-1% mecholy! 
in two experiments respectively so that this portion of the intestine under- 
went a strong and persistent contraction. In spite of this spastic state, the 
two receptors were but feebly stimulated. In one case 24 sec after the applica- 

tion of ACh the frequency of discharge was about 10 impulses/sec, and about 
20 sec later the discharge stopped at a time when the contraction was still 
present. This response, which is shown in Fig. 7B, was not impressive when 
compared to the spontaneous discharge of impulses which occurred before the 
application of ACh (Fig. 7B). This experiment, and the second with mecholy], 
do not indicate whether the effect of the drugs was direct or secondary to 
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contraction of muscular elements. However, they do show that contraction of 
the external muscles is not intimately related to the activation of these re- 
ceptors, because they were often inactive at a time when the intestine was 
strongly contracted in the region of the receptors. It was confirmed that this 
silence was not due to depression of the excitability of the receptor, because its 
response to local pressure and mucosal irritation was not reduced. It was 


10 20 30 40 50 60 
t Seconds 
Fig. 7. Responses of an intestinal receptor to: A, intra-luminal introduction of 5 ml. 30% NaCl 
(between arrows); B, local application (at arrow) of 10% ACh. a, spontaneous activity; 
b-b, strong spasm of intestine. The loop of intestine was painted with atropine 2 mg/ml. so that 
it became quite atonic before introduction of NaCl. 


also noted in other experiments that strong spontaneously occurring contrac- 
tions at the site of the receptor did not stimulate the receptors. 

Asphyzia or occlusion of the local blood supply to the intestine did not 
stimulate the receptors. 

Fibre size, No conduction velocity measurements were made, but judging 
from the size and nature of impulses in these intestinal fibres as compared to 
other vagal afferent fibres whose conduction velocities are known (Paintal, 
1953), these fibres are probably myelinated. | 


Effect of introduction of certain solutions into the lumen 
While studying the first receptor in this investigation it was found acci- 
dentally that intraluminal introduction of a concentrated solution of NaCl 
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stimulated this receptor remarkably. Since this response was obtained con- 
sistently, 30°, NaCl (w/v) was introduced into the lumen in subsequent ex- 
periments when required. The twelve receptors on which this was tried were 
all stimulated in a characteristic manner (Figs. 3, 7A, 8). The interval between 
the beginning of introduction of 30% NaCl and the beginning of stimulation 


~ 

— 
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Fig. 8. Response in an intestinal fibre following introduction of 5 ml. 30% NaCl into the lumen, 
marked by the rise in intra-intestinal pressure recorded locally in A. From above downwards 
in each record: impulses in a fibre; time marker 0-1 sec; and in A and C record of intestinal 
pressure. Records A and B are continuous, but between B and C a piece of record of 8°5 sec 
duration has been omitted. Note that in C the fall of pressure accompanying the withdrawal 
of fluid did not influence the activity of the receptor. 


varied between 2 and 8 sec in different fibres; the longer latencies could not 
be accounted for on the basis of slower rate of introduction of the fluid, A peak 
frequency of 16-30 impulses/sec in different fibres was soon attained and this 
fell to a steady level. In most fibres the stimulation persisted for over 30 sec, 
and in some it continued for over 1-2 min. Most often this stimulation was 
terminated by the introduction or perfusion of another solution, e.g. dis- 
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tilled water or 0°9% NaCl. Lower concentrations of NaCl, e.g. 5°% (w/v), can 
also stimulate the receptors in a similar manner, as was shown in one fibre. 

Local application of atropine (2 mg/ml. or 0-4 mg/ml.) had no influence on 
the effect of 30% NaCl on three receptors on which this was examined. Fig. 7A 
illustrates this quite clearly in one case. It is clear from this figure that the 
response produced by NaCl after atropine was appreciably greater than that 
following local application of ACh before atropinization. If it is assumed that 
the action of NaCl is secondary to contraction of smooth muscles, the above 
observations indicate that the receptor could not be located in the external 
muscles of the small intestine. On the other hand, if it is assumed that NaCl 
acts directly (chemical influence) the receptor cannot once again be expected 
to be located in the external muscles because of the mucosal barrier to sub- 
stances introduced into the lumen. Besides, serosal application of 30% NaCl 
had no effect whatsoever. In either case, therefore, the evidence favours the 
location of the receptors in the mucosal layers of the intestine in association 
with the muscularis mucosae. 

Six receptors were not appreciably affected by one or more of the following 
solutions: 20-30% sucrose (three receptors); 20°, magnesium sulphate (three 
receptors) ; liquid paraffin (two receptors) ; 30 %/ sodium sulphate (one receptor) ; 
bile (one receptor); 20% casein hydrolysate (one receptor); 20°% calcium 
chloride(one receptor) ; 10 magnesium chloride(onereceptor) ; and 2 % barium 
chloride (one receptor). This indicates that the receptors are not stimulated 
by raised osmotic pressure of the intestinal contents and that they are not 
chemosensitive to any of the above substances. They also suggest strongly 
that the action of 30° NaCl is not consequent on some non-specific injurious 
action on the intestinal mucosa. The only chemical other than NaCl that 
stimulated the receptors somewhat was 20°% KCl, but this stimulation was 
much weaker than the response following the introduction of 30% NaCl. In 
one instance introduction of 20°, sucrose solution was followed by a discharge 
of impulses which lasted only 6 sec, but this could have been spontaneous 
activity in the receptor. 

Introduction of solutions of pheny] diguanide (100 ~g/ml.) into the lumen 
did not stimulate two receptors, although intra-aortic injections of 2 ml. of this 
solution stimulated both receptors. Similarly, introduction of 5-hydroxy- 
tryptamine into the lumen did not stimulate a third receptor and 5% ACh 
left a fourth unaffected. 

The receptor illustrated in Fig. 8 was unaffected by dilute HCl or a strong 
solution of soda-lime, thereby showing that pH was not an important factor in 
the excitation of this receptor. This contrasts with the behaviour of certain 
gastric mucosal receptors found by Iggo to respond to changes in pH (Iggo, 
1957 b). 
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Observations on intestinal villi 

Once it was apparent from the effect of 30% NaCl after local atropiniza- 
tion of the intestine (see above) that the receptors were probably located in the 
mucosal layers of the intestine, the next step was to determine whether NaC] 
acted directly on the receptors or whether it did so by causing the muscularis 
mucosae to contract. It is known that various mechanical and chemical 
stimuli can cause the muscularis mucosae to contract (Briicke, 1851; Exner, 
1902; Gunn & Underhill, 1914; King, Arnold & Church, 1922; Wells & Johnson, 
1934). If 30% NaCl acted indirectly it was predicted that it would influence 
the muscularis mucosae and the villi. Accordingly, the effect of pouring 
30°% NaCl on the mucosa was observed, and it was found that it caused a 
distinct change in the villi giving the appearance of granularization and 
blanching of the villi (due to contraction of smooth muscle in them) as de- 
scribed by Exner (1902). This action set in within 1-10 sec (cf. latency of 
response in receptors), and it lasted often for several minutes. It was most 
easily observed in cats with low systemic blood pressure. Since sucrose, 
magnesium sulphate, liquid paraffin and sodium sulphate did not stimulate 
the receptors as did NaCl, it was expected that these substances in a con- 
centration of 20°% would not have the same effect on the villi; this was found 
to be the case. Next, the effect of several other substances was observed in 
order to find a substance that would produce the response in the villi charac- 
teristic of 30% NaCl. 20% dextrose, 20°% calcium chloride, and 2% barium 
chloride did not yield the typical response; 30° KCl did so but it produced 
a weaker response than 30° NaCl. The effect of the latter three substances in 
addition to some of those mentioned above, on the activity of more intestinal 
fibres, was therefore tried and, as predicted, KCl was the only substance that 
had any stimulating effect on the receptors. 

The response of the villi to 30% NaCl was not altered by local application 
of atropine. This is in fact what would be expected if contraction of the mus- 
cularis mucosae stimulates the receptors, because stimulation of the receptors 
by NaCl persists after atropinization (see above). 

It is conceivable that NaCl may have a direct (chemical influence) action, 
but the above evidence points heavily to the conclusion that 30 % NaCl 
stimulates the receptors by first causing some contractile elements (mus- 
cularis mucosae) to contract, which event then stimulates the receptors. 


DISCUSSION 
The main conclusions that emerge from the results are that there are certain 
distension-insensitive mechanoreceptors innervated by the vagus which are 
distributed throughout the small intestine; that they are not connected with 
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the external layers of smooth muscle; but that they are located in the mucosal 
layers of the intestine and are stimulated by contractions of muscular ele- 
ments therein. The possibility that they may be chemoreceptors responding 
to specific chemical changes in the intestinal contents has also to be considered. 
But this is unlikely because rhythmical discharges continue to occur spon- 
taneously in spite of almost constant chemical composition of the intestinal 
contents, e.g. during presence of 0-9°% NaCl. 

The rhythmical nature of the spontaneous discharges agrees rather well 
with what is known about contractions of the villi and the muscularis mucosae 
(Gunn & Underhill, 1914; Hambleton, 1914; King et al. 1922; Verzar & Kokas, 
1927; Kokas, 1930; Kokas & Ludany, 1933; Wells & Johnson, 1934; King & 
Robinson, 1945; King, Glass & Townsend, 1947). These contractions, although 
possibly influenced by their nervous connexions (King & Robinson, 1945), can 
nevertheless occur quite spontaneously in villi devoid of any nervous con- 
nexions (Wells & Johnson, 1934). The individual villi are known to contract 
quite irregularly and independently of their neighbours (Kokas & Ludany, 
1933). Further, King et al. (1922) and King & Robinson (1945) observed two 
types of movements, movements of individual villi and movements of the 
mucosa a8 a whole, due presumabiy to contraction of a sheet of muscularis 
mucosae. The effect of 30%, NaCl may be due to movement of the latter type. 

Assuming that 30% NaCl acts indirectly, the persistent stimulation of the 
receptors by this substance suggests that it causes a tonic contraction of the 
muscular elements in the mucosa. Such a response has been reported by 
Verzar & Kokas (1927), Wells & Johnson (1934) and King & Robinson (1945) 
in the case of certain substances. It must be stressed that in observing the 
responses of the receptors to the introduction of various substances a straight- 
forward stimulation of the type yielded by 30°% NaCl was sought and no par- 
ticular attention was paid to alterations in the rhythmicity of the cyclical 
discharges. The results of Verzar & Kokas (1927) are therefore only partially 
applicable, because they looked mainly at the rhythmical movements of the 
villi. 

If the muscular elements of the mucosa are indeed a basic mechanism for 
the stimulation of the intestinal mechanoreceptors then the present results 
would lead one to expect that these elements can be caused to contract by a 
heterogeneous group of chemical and mechanical stimuli. This indeed appears 
to be the case from the work of earlier investigators who showed that the 
frequency and duration of the rhythmic contractions of the muscularis muco- 
sae is influenced by the chemical and mechanical stimuli. This being 80, it is 
suggested that the series of events leading to the initiation of activity in these 
intestinal receptors occurs as follows: various types of stimuli stimulate 
the muscularis mucosae either directly, or by a local enteric reflex initiated by 
some sensory mechanism in the epithelium. The muscularis mucosae then 
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contracts and this leads to the stimulation of the receptors. If the contraction 
is of a short duration, as that following local mechanical stimuli, e.g. solid 
contents of the intestine such as undigested food or tape-worms, @ discharge 
lasting a few seconds results. If a prolonged tonic contraction occurs, @ per- 
sistent discharge results. As far as the brain is concerned the receptors would 
be effectively signalling the passage or presence of certain types of intestinal 
contents. Contents altering the rhythmicity of the contractions would pro- 
duce corresponding changes in the activity of the receptors. Since the tone of 
the muscularis mucosae is controlled by the sympathetic and vagal fibres 
(King et al. 1947), a delicate adjustment of the sensitivity of the receptor can 
conceivably be maintained. The receptors though basically mechanoreceptors 
would appear to be capable of responding to chemical stimuli by virtue of 
their connexion with the muscularis mucosae. In addition they can also re- 
spond directly to mechanical stimuli. 

It would be expected that the receptors bear some precise geometrical 
relation to the muscularis mucosae. Ideally, one would expect them to lie in 
series with the contractile elements. This is not so as far as the longitudinal 
and circular layers of the muscularis mucosae are concerned because stretching 
the wall by introduction of solutions or pulling on the intestine in the long axis 
neither stimulates nor inhibits the receptors. The act of distension may, rather 
infrequently, fire off a discharge but as shown already this has nothing to do 
with the tension developed in the wall. The receptors may therefore lie in a 
plane which is unaffected by stretching the wall. One such plane is that of the 
villi, and it would not be surprising if these receptors are actually located in 
the villi because there is histological evidence that endings presumably sensory 
do exist in the villi (see Kuntz, 1953). There are logitudinally arranged muscle 
fibres in the villi (Briicke, 1851), responsible for shortening the villi, which 
could adequately serve as the contractile mechanism for the activation of the 
receptors. However, the receptors can as well be located elsewhere in the 
mucosa. 

No experiments were carried out to determine the central effects of these 
receptors. The central effects of both types of intestinal receptors, the dis- 
tension-sensitive (Iggo, 1957a) and the distension-insensitive mechano- 
receptors (both innervated by the vagus), have yet to be established. In this 


connexion some possible lines of approach suggested by Whitteridge (1956) 
may be helpful. 


SUMMARY 
1. By recording impulses from certain vagal afferent fibres it has been 
determined that these fibres are connected to distension-insensitive mechano- 
receptors which are located in the mucosa of the small intestine. 
2. The receptors possess a characteristic spontaneous activity consisting of 
periodic trains of impulses which are not particularly altered by atropine. 
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3. These receptors yielded both primary responses and secondary responses 
(probably due to contraction of the muscularis mucosae) following various 
mechanical stimuli. 

4. Local application of acetylcholine or mecholyl stimulated the receptors; 
the evidence showed that this was not due to contraction of the external 
muscles. 

5. Intraluminal introduction of strong solutions of NaCl, but not of several 
other substances, stimulated the receptors greatly and also caused the villi to 
contract with a time course similar to its action on the receptors. This suggests 
that NaCl stimulated the receptors indirectly by causing the muscularis muco- 
sae to contract. 

6. The normal functions of the receptors appears to be to signal the pre- 
sence or passage of certain intestinal contents which can excite the receptors 
either directly, or more commonly, indirectly through contraction of the 
muscularis mucosae. 


The author is much indebted to Professor C. C. Hunt for many helpful discussions and for the 
use of his laboratory facilities. The latter part of this work was supported by a grant from the 
National Institute of Neurological Diseases and Blindness, of the National Institutes of Health, 
U.S. Public Health Service (B 1039). 


REFERENCES 
Bem, H. J. & Meter, R. (1951). _Pharmakologische Untersuchungen iiber Pendiomid, eine neu- 
artige Substanz mit gang Wirkung. Schweiz. med. Wschr. 81, 446-452. 


ee G. L. & Gray, J. A. B. (1948). Some effects of nicotine-like substances and their relation 
to sensory nerve endings. J. Physiol. 107, 306-317. 

Bricks, BE. (1851). Ober ein in der Darmschleimhaut aufgefundenes Muskelsystem. S.B. Akad. 
Wiss. Wien, 6, 214-219. 

Exwer, A. (1902). Wie schiitzt sich der Verdauungstract vor Verletzungen durch spitze Fremd- 
kérper. Pfliig. Arch. ges. Physiol. 89, 253-280. 

Garnanpt, B. Z. & Zorrernman, T. (1946). Intestinal pain: electrophysiological investigation 
on mesenteric nerves. Acta physiol. scand. 12, 56-72. 

Guyn, J. A. & J. W. F. Experiments on the surviving mammalian intestine. 
Quart. J. exp. Physiol. 8, 275-296 

Hamsieton, B. F. (1914). Note Rael the movements of the intestinal villi. Amer. J. Physiol. 

, 446-447. 

Iaao, A. (1957a). Gastro-intestinal tension receptors with unmyelinated afferent fibres in the 
vagus of the cat. Quart. J. exp. Physiol. 42, 130-143. 

Iaco, A. (19576). Gastric pH receptors with slowly conducting centripetal fibres. J. Physiol. 
137, 17-18 P. 

Kino, C. E., ARwop, L. & Cuurcn, J. G. (1922). The physiological role of the intestinal mucosal 
movements. Amer. J. Physiol. 61, 80-92. 

Kina, C, E., Grass, L. C. & aciliens §. E. (1947). The circular components of the muscularis 
mucosae of the small intestine of the dog. Amer. J. Physiol. 148, 667-674. 

Kine, C. E. & Rospriyson, M. H. ‘pts The nervous mechanisms of the niuscularis mucosae. 
Amer. J. Physiol. 143, 

E. (1930). Untersuchungen iiber die Bewegung der Darm- 

zotten. Pfliig. Arch. ges. Phystol. 225, 416-420. 

Koxas, E. . (1983). Die Beobachtung der Zottenbewegung am iiberlebenden Darm. 
Pfliig. Arch ges. Physiol. 231, 20-23. 

Kuwrz, A. (1953). The Autonomic Nervous System, 4th ed. p. 222. Philadelphia: Lea and Febiger. 


¥ 
v 
a 
fy. 
4 
¥ 
. 
‘a 
2 
i 
a . “ ve 


368 A. 8. PAINTAL 


Murmur, R. & Burs, H. J. (1950). Neuere Befunde tiber die Wirkungen 
am autonomen Nervensystem. Bull, schweiz. Akad. med. Wiss. 6, 209-233. 

Parntat, A. 8. (1953). The conduction velocities of respiratory and cardiovascular afferent fibres 
in the vagus nerve J. Physiol. 121, 341-359. 


Paes (19644). A method of locating the receptors of visceral afferent fibres. J. Physiol. 
124, 172. 


Paral, A. 8. (19545). The response of gastric stretch receptors and certain other abdominal and 
thoracic vagal receptors to some drugs. J. Physiol. 126, 271-285. 

Towns, 8. . Action potentials in sympathetic nerves elicited by stimulation of frog’s 
viscera. J. Physiol. 78, 225-245. 

Venrzak, F. & Koxas, E. eee Die Rolle der Darmzotten bei der Resorption. Pfliig. Arch. ges. 
Physiol. 217, 397-412 

Wetts, H. 8. is Jommicn, B. G. (1934). The intestinal villi and their circulation in relation to 
absorption and secretion of fluid. Amer. J. Physiol. 109, 387-402. 

Wurrrerines, D. (1956). The effects of distension of viscera. In Lectures on the Scientific Basie of 
Medicine, vol. trv (1954-55), pp. 305-310, London: The Athlone Press. 


J. Phy 


é 
é 
va 
et 
8u 
ne 
ck 
a 


J. Physiol. (1957) 139, 369-376 


REFLEX CHANGES IN VASOCONSTRICTOR TONE IN HUMAN 
SKELETAL MUSCLE IN RESPONSE TO STIMULATION OF 
RECEPTORS IN A LOW-PRESSURE AREA OF THE 
INTRATHORACIC VASCULAR BED 


By I. C. RODDIE, J. T. SHEPHERD anp R. F. WHELAN 
From the Department of Physiology, The Queen’s University of Belfast 
(Received 15 May 1957) 


When the legs of a recumbent subject are passively raised the forearm blood 
flow increases owing to reflex dilatation of skeletal muscle vessels (Roddie & 
Shepherd, 1956). In this paper evidence is presented that this dilatation is 
brought about by release of vasoconstrictor tone and that the receptors con- 
cerned in the reflex lie in a low-pressure area of the intrathoracic vascular bed. 


METHODS 
The experiments were carried out on healthy adults aged 19-36 years in a room about 26° C. 
Changes in posture were brought about by passively raising the legs or the legs and lower trunk 
of the recumbent subject. Forearm, hand and calf blood flow was measured by venous occlusion 
plethysmography (Greenfield, 1954). Pressure measurements were made by a capacitance mano- 
meter; arterial pressure from a needle in the brachial artery and central venous pressure from 
« catheter in the right atrium or great thoracic veins. Deep nerve block was performed by infil- 
trating around the ulnar, median and radial nerves with 3-5 ml. lignocaine with adrenaline 
1:50,000 (Whelan, 1952; Roddie, Shepherd & Whelan, 19572). In one experiment venous blood 
samples from the forearm muscles were withdrawn through nylon catheters (Roddie, Shepherd & 
Whelan, 1956) and the oxygen saturation determined using a spectrophotometric technique 
(Roddie, Shepherd & Whelan, 19575). 
RESULTS 


Evidence that the dilatation of muscle vessels is due to release 
of vasoconstrictor tone 
Effect of atropinization. Human skeletal muscle vessels are supplied with 
vasoconstrictor fibres (Barcroft, Bonnar, Edholm & Effron, 1943; Roddie 
et al. 1957 a) and there is some evidence that they also have a vasodilator nerve 
supply (Barcroft, Edholm, McMichael & Sharpey-Schafer, 1944). Vasodilator 
"nerves to skeletal muscle in dog and cat have been shown to act through a 
cholinergic mechanism which can be blocked by atropinization of the muscle 
(Biilbring & Burn, 1935). It was therefore considered that if the forearm 
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vasodilatation with leg raising was brought about by vasodilator nerves, 
atropinization of the forearm tissues would abolish or reduce it. Infusions of 
0-4 mg atropine sulphate into the brachial artery abolishes sweating and 
delays the vasodilatation in the forearm during body heating presumably by 
blocking the action of cholinergic fibres to forearm skin, but it does not affect 
the release of vasoconstrictor tone in the hand or forearm (Roddie, Shepherd & 
Whelan, 1957c). The infusion of a similar dose in three subjects was without 
effect on the vasodilatation during leg raising (Fig. 1). In one of these experi- 
ments the subject was subsequently heated and forearm sweating was found 
to be abolished and vasodilatation delayed, indicating that the forearm was 
effectively atropinized. 


a b 
0 L 
T T T - T T T T 
0 1 2 3 0 1 2 3 4 
Minutes 


Fig. 1. The effect of atropinization of the forearm tissues on the muscle vasodilatation during leg 
raising. ©, left forearm blood flow; @, right forearm blood flow: a, before atropine infusion ; 
b, after infusion of 0-4 mg atropine, eulphate into left brachial artery. 

Effect of nerve block. In six subjects the maximum forearm blood flow that 
could be obtained with leg raising approached, but did not exceed, the flow 
through the opposite forearm to which the deep nerves had been blocked with 
local anaesthetic (Table 1). In another experiment the deep nerves to one 
forearm were blocked and the oxygen saturation of the deep venous blood 
draining the muscle of the two forearms was compared. When the legs were 
raised the oxygen saturation of the blood from the intact forearm approached, 
but did not exceed, that from the nerve-blocked forearm (Fig. 2). The results 
could therefore be explained by release of vasoconstrictor tone and it was not 


necessary to invoke vasodilator nerve activity in skeletal muscle to account 
for the findings. 


Evidence that the reflex muscle vasodilatation with leg raising is due to stimula- 
tion of receptors in a low-pressure area of the intrathoracic vascular bed 
The vascular response in muscle to passively raising the legs depends on the 
shift of blood from the legs, since it does not occur when pneumatic cuffs are 
inflated round the thighs to prevent the return of blood when the legs are 
raised (Fig. 3). The dilatation is greater when the legs ‘and lower trunk are 
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raised which suggests that the response does not depend on the pooling of 
blood in the splanchnic area. Neither is it a result of venous congestion in the 
head since inflation of a pneumatic cuff round the neck does not affect forearm 
flow. It seems therefore that the response depends on the shifting of blood to 
the intrathoracic vascular bed. 

Simultaneous measurements of arterial pressure and forearm blood flow 
were made on eight subjects. Fig. 4 shows the effect of leg raising on two 
consecutive occasions in one subject. The dilatation was similar on both 
occasions; on the first the mean pressure increased slightly but the pulse 


Tasie 1. The effect of blocking the deep forearm nerves on the forearm vasodilatation 
when the legs are passively raised. 
(Blood flow, ml./100 ml./min.) 


Percentage oxygen saturation 
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Minutes 

Fig. 2. The effect of body tilting on oxygen saturation of deep forearm venous blood in the normal 

and nerve-blocked forearm. @, left forearm deep venous blood; O, right forearm deep 
venous blood: a, before nerve block; b, after block of deep nerves to left forearm. 
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Nerve-blocked forearm Normal forearm 4 
Subject horizontal raised horizontal raised 
H.McK. 11+5 5-0 11-5 
RS8.C. 14-5 15-0 6-0 13-0 ; 
P.A, 16-0 15-0 5-0 9-5 
G.B. 9-0 9-5 5-0 9-5 
8.M. 12-2 12-0 5-0 10-0 
LC.R. 6-5 6-0 3-3 5-6 
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.Fig. 3. Evidence that the forearm vasodilatation depends on the shift of blood to the intrathoracic 
vascular bed. (a) legs alone raised; (b) legs alone raised with pneumatic cuffs inflated to 
180 mm Hg round the thighs; (c) legs and lower trunk raised; (d) pneumatic cuff inflated to 


30 mm Hg round the neck. 
140 
Arterial 100 
pressure 60 
E 
8 
He 
+50 
mm 
Arterial 100 Hg 
pressure r 60 


(m1./100 ml./min) 
nN 


Forearm blood flow 


T 
30 60 
Seconds 


Fig. 4. The effect of leg raising on brachial arterial pressure and forearm blood flow on two 


consecutive occasions on one subject. 
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pressure remained unchanged, and on the second the mean pressure was little 
altered whereas the pulse pressure fell slightly. Typical results on two other 
subjects are shown in Figs. 5 and 6. It was not possible in this series of experi- 
ments to correlate the magnitude of the dilatation with changes in arterial 
mean or pulse pressure. 
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Minutes 
Fig. 5. The effect of leg raising on brachial arterial pressure, forearm blood flow (@) and heart 
rate (©) on three consecutive occasions on one subject. The black rectangle represents the 
period of leg raising. 
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Fig. 6. The effect of leg raising on brachial arterial pressure and blood flow. 2 
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The heart rate increased in most subjects when the legs were raised (Fig. 4), 
but in the subject shown in Fig. 5 the increase in rate was inconspicuous, 
though a marked increase in forearm blood flow occurred. 

In three subjects central venous pressure, arterial pressure and forearm 
blood flow were simultaneously measured (Figs. 7, 8). Though raising the legs 
caused no consistent change in arterial pressure there was an increase in mean 
venous pressure and an increase in the amplitude of the venous pulsations. 
Raising the subject’s legs did not cause these changes in venous pressure if 
cuffs were first inflated round the thighs to prevent the return of blood to the 
trunk. Like the increase in forearm blood flow the increases in mean venous 
pressure and the amplitude of the venous pulsations were greater when the 
legs and lower trunk were raised than when the legs alone were raised. 
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. 7. The effect of raising the legs alone on central venous pressure, arterial blood 
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Fig. 8. The effect of raising the legs and lower trunk on central venous pressure, arterial 
pressure and forearm blood flow. 
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DISCUSSION 


The present experiments show that reflex vasodilatation occurs in skeletal 
muscle as a consequence of increasing the intrathoracic blood volume. This 
vasodilatation does not appear to be related to changes in mean arterial pressure, 
since the latter is often unaltered during the procedure; nor is there an obvious 
correlation between the vasodilatation and the arterial pulse pressure, since 
the latter was sometimes unchanged or even reduced at a time when the 
vasodilatation was marked. 

It seems most likely therefore that the cause of the vasodilatation in the 
forearm muscles is the stimulation of receptors in a low-pressure area of the 
intrathoracic vascular bed and is not a consequence of arterial baroreceptor 
stimulation. This suggestion is supported by recent evidence that the activity 
of the carotid artery stretch receptors in man does not cause reflex changes in 
the calibre of the limb blood vessels (Ernsting & Parry, 1957; Roddie & 
Shepherd, 1957). 

While in the present experiments changes in the venous pressure and 
pulsation appear to be related to the forearm flow changes, both being greater 
when the legs and lower trunk are raised than when the legs alone are 
elevated, it cannot be concluded that these changes represent the stimulus 
responsible for the forearm vasodilator response. In view of the numerous 
receptors described in the intrathoracic vascular bed (Aviado & Schmidt, 1955) 
and the doubt about the manner of their stimulation, we cannot define the 
nature of the stimulus nor the exact location of the receptors in the low- 
pressure system. A vasodilatation in muscle of the type described, if produced 
by an increase in venous return to the heart, would permit an increase in 
cardiac output without much change in arterial pressure, thus avoiding arterial 
baroreceptor stimulation which would tend to slow the heart reflexly. 


SUMMARY 


1. When the legs of a recumbent subject are passively raised the vessels of 
forearm skeletal muscle are affected by a vasodilator reflex. The vessels of the 
hand and forearm skin are not affected. 

2. Since the muscle vascular responses are unaffected by atropinization of 
the forearm and since the vasodilatation that can be evoked is not greater 
than that obtained by full release of vasoconstrictor tone (produced by nerve 
block) it is suggested that the dilatation is due to release of vasoconstrictor 
tone in muscle. 

3. Evidence is presented that the response is dependent on the shifting of 
blood to the intrathoracic vascular bed. It. is accompanied by increases in 
mean central venous pressure and amplitude of venous pulsation. 

4. There was no correlation between the forearm vasodilatation and the 


‘ 
| 
| 
U 


376 J.C. RODDIE, J.T. SHEPHERD AND R. F. WHELAN 


mean arterial or pulse presssure, suggesting that the dilatation was not a 
consequence of arterial baroreceptor stimulation. 

5. While the precise nature of the stimulus and the accurate location of the 
receptors concerned in the reflex have not been determined it seems clear that 
the vasodilatation in the forearm muscle is due to stimulation of receptors in 
a low-pressure area of the intrathoracic vascular bed. 
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THE EFFECTS OF CAROTID ARTERY COMPRESSION IN MAN 
WITH SPECIAL REFERENCE TO CHANGES IN VASCULAR 
RESISTANCE IN THE LIMBS 


By I. C. RODDIE anv J. T. SHEPHERD 
From the Department of Physiology, The Queen’s University of Belfast 
(Recewed 15 May 1957) 


Though a fall in blood pressure at the carotid sinus causes an increase in heart 
rate and arterial pressure, the contribution of peripheral resistance and cardiac 
output to the arterial pressure changes is still a matter of controversy (Kenny, 
Neil & Schweitzer, 1951; Aviado & Schmidt, 1955; Brind, Bianchine & Levy, 
1956). In this paper evidence is presented that there is no increase in resis- 
tance to blood flow in the limbs during the pressor response when the common 
carotid arteries in man are compressed. 


METHODS 


The experiments were made on seven healthy young adults and one patient aged 30 who re- 
quired cerebral angiography as a diagnostic procedure. Hand, forearm and calf Voge Sig ‘were 
measured by venous occlusion plethysmography using temp trolled plethysmographs 
(Greenfield, 1954). Deep and superficial veins were catheterized in one experiment (Roddie, Shep- 
herd & Whelan, 1956) and the oxygen saturation of blood samples withdrawn from these 
veins estimated by a spectrophotometric technique (Roddie, Shepherd & Whelan, 1957a). Intra- 
vascular pressure measurements were made by using a capacitance manometer; brachial arterial 
pressure from a needle in the brachial artery; carotid sinus pressure from a catheter introduced 
into the common carotid artery and passed up to the level of the bifurcation; central venous 
pressure from a cardiac catheter introduced through a needle into an antecubital vein and passed 
into the right atrium or one of the great veins in the thorax. Respiratory movements were 
recorded in some experiments by two stethographs, one round the chest and one round the 
abdomen, connected to a common volume recorder. The common carotid arteries were compressed 
manually against the cervical spine at the level of the inferior horns of the thyroid cartilage. In 
most instances the subject himself effected the compression which he practised for a few days 
before the actual experiments. The compression did not cause discomfort and provided the 
subject lay horizontal it was not accompanied by any unpleasant subjective effects. 


RESULTS 
Fig. 1 shows the effect of unilateral common carotid compression on carotid 
sinus pressure. The mean pressure fell from about 80 to about 40 mm Hg 
and there was a striking fall in the pulse pressure. The fall in pressure was 
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maintained throughout the period of compression. When both carotid arteries 
were compressed the mean pressure fell to about 20 mm Hg. The fall in carotid 
sinus pressure was associated with an increase in heart rate, stimulation of 
respiration and an increase in both mean and pulse pressures in the brachial 
artery (Fig. 1). There was no change in the central venous pressure (Fig. 2). 
These findings were consistent with decreased activity of the carotid sinus 
| Carotid artery 


Fig. 1. The effect of unilateral common carotid artery compression on carotid sinus pressure, 
brachial arterial pressure and respiration. Time marker, seconds, 


Bilateral common carotid artery compression 


| 
Seconds Bilateral common carotid 
artery 
compression 


Fig. 2. Top: record from above downwards shows signal, central venous pressure and brachial 
arterial pressure. Depression of the signal indicates the period during which both common 
carotid arteries were compressed. Bottom: plethysmographic tracings of calf and hand blood 
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stretch receptors. When a similar compression force was applied to other parts 
of the neck these changes in arterial pressure, heart rate and respiration were 
not seen, demonstrating that the changes were specific for carotid artery 
compression. 


Vascular resistance in the hand and calf during carotid artery compression 

In three.subjects calf and hand blood flow, heart rate and brachial arterial 
pressure were measured simultaneously. When both common carotid arteries 
were compressed there were tachycardia, an increase in both mean arterial and 
pulse pressures and an increase in both calf and hand blood flows (Figs. 3-5). 
Similar changes were seen when one common carotid artery was compressed 
but these were smaller in degree. Resistance to flow was calculated by dividing 
mean pressure by mean flow and this ratio was expressed as units of resistance. 
Vascular resistance in the calf calculated in this way was found to be slightly 
reduced during the period of compression. In the hand, resistance was slightly 
decreased on two occasions and unchanged on the third. The experiments 
did not provide any evidence for increased resistance to flow in either the 
hand or the calf, and it was possible to account for the increase in blood flow 
by the increase in perfusion pressure. Fig, 2 shows some pressure tracings and 
plethysmographic records made during carotid artery compression. 

The following experiment provided evidence that the blood flow through 
both skin and muscle vessels was increased during carotid compression. Fore- 
arm blood flow was measured on one side and blood samples were collected 
from a deep vein (draining mainly muscle) and a superficial vein (draining 
mainly skin) of the opposite forearm. During compression the oxygen satura- 
tion of the samples from both sites increased (deep from 49 to 55%, super- 
ficial from 46-5 to 53%), indicating that the blood flow through both the 
muscle and the skin had increased. It was therefore clear that an increase in 
skin blood flow resulting from the increase in perfusion pressure was not 
masking a decrease in forearm muscle flow and that all the tissues of the fore- 
arm were responding in a similar fashion. 


DISCUSSION 


It is generally believed that changes in pressure at the carotid sinus cause 
reflex changes in the calibre of peripheral blood vessels (Aviado & Schmidt, 
1955). However, the experimental support for this contention is mainly 
based on calculation of total peripheral resistance from measurements of 
cardiac output and perfusion pressure. Measurements of cardiac output 
during carotid artery occlusion have, however, given variable results (Charlier 
& Philippot, 1947; Kenny et al. 1951; Brind et al. 1956). Sharpey-Schafer 
(1953, 1955, 1956) and Howarth & Sharpey-Schafer (1957) have shown an 
association between arterial pulse pressure and the reflex changes that occur 
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in forearm blood flow during squatting, coughing, the Valsalva manoeuvre 
and acute changes in cardiac rhythm. However, since these stimuli may 
produce changes on the venous side of the circulation these findings do not 
provide conclusive evidence that stimulation of arterial baroreceptors causes 
reflex changes in the calibre of peripheral resistance vessels. There is now 
evidence that the reflex changes in skeletal muscle blood flow that occur with 
changes in posture are due to stimulation of receptors in a low-pressure area 
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0 1 min 
Fig. 3. The effect of bilateral carotid artery compression on heart rate, brachial arterial 
pressure and blood flow and resistance to flow in the calf and the hand. 
of the intrathoracic vascular bed and do not result from stimulation of 
arterial baroreceptors (Roddie, Shepherd & Whelan, 19575). 

In the present experiments the resistance to blood flow in the calf was 
slightly reduced during the pressor response to carotid artery occlusion, as was 
the resistance to blood flow in the hand on two out of three occasions. It is 
likely that this fall in resistance can be explained by distension of the resistance 
vessels due to the increase in intravascular pressure (Green, Lewis, Nickerson 
& Heller, 1944; Roddie & Shepherd, 1957). However, it is not possible to say 
whether this passive distending force was resisted by an increase in the tone 
of these vessels since we do not know how they would have behaved had their 
muscular elements been paralysed. Nevertheless, it is quite possible that the 
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pressure and blood flow and resistance to flow in the calf and the hand. 


Fig. 4. The effect of bilateral carotid artery compression on heart rate, brachial arterial 
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Fig. 5. The effect of bilateral carotid artery compression on heart rate, brachial artery 
pressure and blood flow and resistance to flow in the calf and the hand. 
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smooth muscle tone in the walls of the resistance vessels was increased during 
the pressor response, and this might have been due to extrinsic vasomotor 
activity, axon reflex activity or a local myogenic response in the vessel wall 
to the increased pressure (Bayliss, 1902; Folkow, 1949; Patterson & Shepherd, 
1954; Coles & Greenfield, 1956). By studying the effects of carotid occlusion 
on blood flow in the nerve-blocked limb it would not be possible to determine 


whether or not vasomotor nerves increased the tone of normally innervated | 


limb blood vessels during the occlusion. This is because the release of vaso- 
constrictor tone resulting from the nerve-block might cause increased dis- 
tensibility of the blood vessels (Howell & Richards, 1955). Under these con- 
ditions it would not be possible to say whether an observed difference between 
the behaviour of the normal and the nerve-blocked vessels was due to the 
difference in their distensibilities or to the inability of the nerve-blocked 
vessels to receive vasoconstrictor impulses. In the present experiments 
the blood flow through skin and muscle was affected in a precisely similar 
manner during carotid occlusion. If vascular tone was enhanced by vaso- 
motor activity during occlusion, vasomotor nerves to skin and muscle were 
then behaving in a similar fashion. This would be an unusual state of affairs 
in the human limb since it has been demonstrated that vasomotor nerves to 
skin and muscle are functionally independent (Barcroft, Bock, Hensel & 
Kitchin, 1955; Edholm, Fox & Macpherson, 1956; Roddie et al. 1956, 1957 5). 
However, though there was no evidence suggesting that during carotid oc- 
clusion limb vascular tone was increased through vasomotor activity, the 
possibility cannot be excluded from the results of the present experiments. 

The problem of a possible increase in tone in the peripheral vessels during 
carotid artery occlusion does not, however, affect the main conclusion that 
the resistance vessels in the limbs do not decrease their calibre when this 
stimulus is applied. This being so the resistance to flow that they offer is not 
greater than that in the control state. For this reason the cause of the increase 
in arterial blood pressure must be sought elsewhere. Whether it is due to 
increased cardiac output or decreased resistance-vessel calibre in another 
vascular bed or to both, remains a matter for conjecture. 

The present findings are in keeping with those of Ernsting & Parry (1957), 
who stimulated the stretch receptors in the carotid artery in man by applying 
subatmospheric pressures to the neck and found that there was no vasodila- 
tion in the limbs to contribute to the fall in arterial pressure. 


SUMMARY 


1. Compression of one or both common carotid arteries in man caused 
tachycardia, stimulation of respiration and an increase in brachial arterial 


pressure. These effects were consistent with decreased activity of the carotid 
sinus stretch receptors. 
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2. The blood flows through the forearm, calf and hand were increased during 
the period of compression, and vascular resistance, calculated by dividing ; 


mean pressure by mean blood flow, was unchanged or slightly decreased during 
the pressor response. 


3. While it is not possible to exclude the possibility that the tone of the 
resistance blood vessels in the hand and calf was increased during carotid 
compression and thus resisted the distending effect of the rise in intravascular 
pressure, it is clear that there was no decrease in the calibre of these vessels. 

4. It is concluded that if the pressor response to lowering the blood pres- 
sure at the carotid sinus is due to an increase in peripheral resistance caused 
by a decrease in the calibre of systemic resistance blood vessels, the decrease 
in calibre occurs in vessels other than those in the limbs. 
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NON-MEDULLATED FIBRES IN THE SAPHENOUS NERVE 
WHICH SIGNAL TOUCH 


By W. W. DOUGLAS anp J. M. RITCHIE 


From the Department of Pharmacology, Albert Einstein College of Medicine, 
Yeshiva University, New York 61, N.Y. 


(Received 25 June 1957) 


Sensory nerves are known to be composed of fibres which vary widely in their 
properties and possess distinct electrophysiological characteristics: at one 
end of the spectrum are the large medullated fibres and at the other end are 
the small non-medullated fibres. There has been much discussion of the role of 
these various fibre groups in sensory function (see Erlanger & Gasser, 1937; 
Bishop, 1946). The medullated fibres have been studied directly using electro- 
physiological techniques, particularly the single fibre technique (Adrian, 
Cattell & Hoagland, 1931), and a great deal has been learned of the receptor 
functions of such fibres. Of the functions of the non-medullated fibres, 
however, very little has been established except that they are involved in 
mediating pain (see Bishop, 1946). There are, however, large numbers of 
non-medullated afferent fibres in the dorsal roots: the evidence that they are 
sensory is first that their cell bodies are in the dorsal root ganglia (see Hein- 
becker, O’Leary & Bishop, 1933), and secondly that when stimulated centri- 
petally they evoke strong reflexes (Clark, Hughes & Gasser, 1935; Bishop & 
Heinbecker, 1935). The scarcity of information on the function of the non- 
medullated fibres is a consequence of the technical difficulties of recording and 
measuring sensory signals in such fibres. Recently we have developed a 
technique which overcomes this difficulty and which has allowed us to identify 
and measure physiological activity in the non-medullated visceral afferent 
fibres in the vagus and aortic nerves (Douglas & Ritchie, 19574, 6). In the 
present experiments we have applied this same technique to the study of the 
non-medullated afferent fibres of a somatic nerve, the saphenous nerve, which 
is a typical sensory nerve from the skin. 
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METHODS 
Cats were used in these experiments. Anaesthesia was induced with ethyl chloride and ether and 
then maintained with chloralose (80-100 mg/kg) which was injected intravenously. With the 
animal on its back, the right hind leg was everted and held in this position by a clamp on the 
lateral aspect of the paw. The skin over the saphenous nerve was incised from the groin to about 
1-2 om above the ankle joint and carefully reflected to form a pool which was filled with liquid 
paraffin at about 35° C. Then the saphenous nerve was cut near the groin and freed from the 
underlying tissue. During this process several of its twigs were cut, but two were left intact. The 
first left the main trunk of the saphenous nerve at the level of the knee in company with a small 
artery and vein: it supplied an area of skin over the outer aspect of the leg from the ankle to the 
knee and has been called the knee twig for convenience. This twig often divided, and in some 
experiments it was one of these smaller twigs which was used for recording. The second, which 
was one of the several terminal twigs of the saphenous nerve, supplied an area of skin over the 
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Fig. 1. A diagram showing the arrangement of the stimulating (8), recording (R1 and R2), and 
earthing (Z) electrodes on the saphenous nerve and its branches. The diagram shows the 
medial aspect of the right leg. The hatched area Z is the sensory field of the ankle 
branch: it lies on the medial aspect of the ankle and foot. The broken hatched area 7 is 
the sensory field of the knee branch: it lies on the antero-lateral aspect of the leg. Only one 
of the two twigs shown (the knee twig or the ankle twig) was recorded from during any test. 
The distance between the stimulating electrodes and the recording electrodes varied, as 
described in the text. 


medial aspect of the ankle and foot and has been called the ankle twig. A pair of platinum electrodes 
R1 or R2, was placed on one or other of these twigs to record action potentials. An earthing 
platinum electrode was placed on the saphenous nerve higher in the leg, and a second pair of 
platinum electrodes, 8, at a point still nearer the cut end of the saphenous nerve high in the thigh. 
The arrangement is shown in Fig. 1. The stimulator used gave rectangular pulses of current which 
were applied to the electrodes through a radio frequency isolation unit (Schmitt, 1948). The ampli- 
fier by which the potentials were recorded was RC coupled: it had a good enough low-frequency re- 
sponse not to distort the slowest potentials in which we were interested : its high-fr q y resp 

was such that appreciable falling off in response did not occur until about 10-20 ke/s, which was more 
than adequate for our purposes; but shunts were available so that the high-frequency response 
could be reduced where necessary. Usually when recording the C potentials the high-frequency 
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response characteristic was reduced to one half of its maximum height at a frequency of 100 or 
500 c/s. The shunts reduced the size of the evoked A potentials and the random activity in the 
nerve but not the evoked C potentials to any appreciable extent. The action potentials were dis- 
played on a cathode-ray oscilloscope and photographed on stationary or moving film. 


RESULTS 


The technique which we have used (Douglas & Ritchie, 19574, b) relies on the 
fact that the more physiological activity there is in a nerve, the more difficult 
it is for an evoked compound action potential set up at the stimulating elec- 
trodes in the thigh (S, Fig. 1) to be propagated to the recording pair nearer the 
sensory ending (R1, or #2, Fig. 1), because the more physiological activity 
there is, the greater is the chance that an evoked antidromic impulse in any 
individual nerve fibre will be extinguished by colliding with an orthodromic 
impulse originating at the sensory receptor. The net effect is that there is a 
reduction in the amplitude of whatever component of the compound action 
potential is derived from fibres which are physiologically active. The amount 
of this reduction gives a measure of the degree of this physiological activity. 

The compound action potential evoked in the saphenous nerve by an eletrical 
shock of sufficient intensity to excite all the non-medullated and the medul- 
lated fibres is shown in Fig. 2a. It can be seen that it is derived from several 
distinct groups of fibres (see Gasser, 1943). The more rapidly propagating 
fibres—the medullated, A, fibres—fall into two main groups. The faster of 
these is the «8 group, and the slower is the 5 group (Fig. 2a, 5). In addition, 
there is a group of fibres giving rise to a potential which is much smaller than 
the others, and which can be seen very late after the stimulus, travelling at 
about 1 m/sec. This is the C potential, which is derived from non-medullated 
fibres. Only some 10-20% of these C fibres are sympathetic post-ganglionic 
fibres; the rest are of dorsal root origin (Heinbecker ef al. 1933), The fibre 
population giving rise to this C potential is not homogeneous and in all our 
experiments two major components could be seen, particularly when the con- 
duction distance was long (Fig. 2a, c). These two components are even more 
distinct in Fig. 2d where they have been further separated by applying a 
previous burst of repetitive stimulation which slows the propagation of the 
second component much more than that of the first. 


Experiments on the medullated fibres 
The first experiments were done to test the effect of tactile stimuli on the 
receptors attached to the medullated fibres. The intensity of stimulation at S 
was therefore made sufficiently strong to excite all the medullated fibres. 
Fig. 3a shows the antidromic compound action potential recorded from a 
knee twig. Several records have been superimposed. The potentials are, of 


course, diphasic because they are led off from the intact nerve, but the more 
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rapidly propagated «8 group and the more slowly propagated 6 group can be 
clearly seen. The skin supplied by the twig (Fig. 1) was then stroked backwards 
and forwards with a piece of cotton gauze held lightly between the fingers, and 
during this time several superimposed records of the antidromic compound 
action potential were taken (Fig. 36). During stroking there was a large 


Fig. 2 Fig. 3 

Fig. 2. Records of the compound action potential of the isolated saphenous nerve of the cat. 
Record a was obtained from the whole nerve trunk. The distance between the recording and 
stimulating electrodes was 52 mm. The temperature of the nerve was about 30° C. The «8 com- 
ponent (which contains some stimulus artifact), the 8 component and the C component are 
indicated. Record 6 was obtained under similar conditions but with a faster time base 
and a stimulus intensity strong enough to excite only the «8 and § components as indicated 
in the records. Record c was obtained from a knee twig of the cat’s saphenous nerve in situ 
and was taken with a slower time base and with the stimulus strength strong enough to 
excite the whole C potential of the non-medullated fibres: the distance between the stimulat- 
ing and recording electrodes was 72-5 mm: temperature of the nerve was 33° C. Record d 
was obtained from the same twig as record c and under the same conditions except that a few 
seconds before the record was taken the nerve was stimulated at a rate of 20 shocks/sec for 
10 sec. Note the post-tetanic separation of the two C subgroups. 


Fig. 3. Each record consists of four superimposed traces of the compound action potential of the 
medullated fibres of a knee twig of the cat’s saphenous nerve. Record a is a control taken 
before stroking; record b was taken while the skin supplied by the twig was stroked with a 
piece of cotton gauze. The distance between the stimulating and recording electrodes was 
69 mm. The temperature of the nerve was 35° C. 
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outburst of nervous activity which could be heard in the loudspeaker and 
which caused a thickening of the base line of the oscillographic record. It can be 
seen by comparing Fig. 36 with Fig. 3a that all components of the compound 
action potential were reduced. This means that both the faster «8 group of 
fibres and the slower 5 group of fibres must have been active during stroking. 
(In such experiments, however, the faster «8 potential was never reduced as 
much as was the 5 potential.) This was one of the two patterns of medullated 
fibre discharge which we obtained in our experiments. The other type of 
result is illustrated in Fig. 4, which consists of records of the compound 
action potential obtained from one of the smaller knee twigs. Here the effect 
of stroking was to reduce the 5 potential as in the experiment of Fig. 3 but to 
leave the «8 potential unaffected. 

These results confirm that tactile stimulation sets up activity in the largest 
medullated af fibres and also in the smaller medullated 6 fibres (Zotterman, 
1939; Gasser, 1943). Similar observations have also been made in the rabbit 
(Douglas & Ritchie, 19574). On many occasions the 8 potential was abolished, 
or almost so: this means that all, or nearly all, the 3 fibres in these twigs were 
excited by stroking the skin. 


Experiments on the non-medullated fibres 

Experiments similar to those carried out on the medullated fibres were also 
carried out on the non-medullated, C, fibres. It was found that the same gentle 
tactile stimulus which excited the 6 fibres also excited the non-medullated, C, 
fibres. This is illustrated in Fig. 5. In this figure the records are of the com- 
pound action potential obtained from a small knee twig. It should be noted 
that the relative size of the «8, 5 and C potentials is distorted because the 
«8 and § components have been reduced by the high-frequency shunts which 
have been used to restrict the response of the amplifier. This procedure has 
the advantage that all components of the compound action potential are 
clearly visible at the same gain, although the main reason for using the shunts 
is not this and will be discussed in the next paragraph. Fig. 5a shows the 
record of the antidromic compound action potential taken before stroking 
the skin, and Fig. 56 the record taken during the time when the area of skin 
supplied by the nerve was lightly stroked with the cotton gauze. It can be 
seen that not only was the 8 potential reduced in size but so also was the C 
potential. The C potential in fact almost disappeared. 

The reason for using the high-frequency shunts is illustrated in Fig. 6 which 
was obtained from an experiment similar to that just described for Fig. 5. 
All the left-hand records were obtained in the absence of any applied tactile 
stimulus (even in these records there was often a small background discharge 
of ‘spontaneous’ nervous activity). Each of the records on the right-hand side 
of Fig. 6 was obtained during a single stroke of the skin with a piece of cotton 
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gauze. In the uppermost record of each series no electrical shock was applied 
to the nerve, and only the physiological discharge is recorded. It can be seen 
by comparing these two top records (6a, 6) that the effect of stroking was to 
cause a thickening of the base line of the right-hand record. This thickening 
of the hase line is the conventional measure of physiological activity in whole 
nerve trunks. It does not indicate the nature of the fibres contributing to the 
discharge. These fibres, however, can be identified, as we have just described, 
by superimposing a compound action potential on this spontaneous activity. 
But although this procedure was all that was required when studying the 
medullated fibres, a further device was used when studying the non-medul- 
lated fibres, because the thickened base line during the physiological discharge 
(Fig. 6b) would have obscured the comparatively small evoked C potential 


10 msec 100 msec 
Fig. 4 Fig. 5 
Fig. 4. Each record consists of four superimposed traces of the compound action potential of the 
medullated fibres in a knee twig of the cat’s saphenous nerve. Record a is a control taken 
before stroking ; record 6 was taken while the skin supplied by the twig was stimulated with a 


piece of cotton gauze. The distance between the stimulating and recording electrodes was 
91 mm. The temperature of the nerve was 33° C 


Fig. 5. Records of the compound action potential of the medullated and non-medullated fibres in 
a knee twig of the cat’s saphenous nerve. Shunts have been used which limit the high- 
frequency response of the amplifier. Each record consists of an «af component, a 8 com- 

_ ponent and a C component. Record a is a control taken before stroking: record 6 was taken 
while the skin supplied by the twig was stroked with a piece of cotton gauze. The distance 
between the stimulating and recording electrodes was 88 mm. The temperature of the nerve 
was 32°C, 
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(see Fig. 2). Therefore, suitable high-frequency shunts were used, which very 
much reduced this base line thickening (and, of course, the amplitude of the 
quick «8 and 8 potentials evoked in the medullated fibres) as can be seen by 
comparing the base lines of Fig. 64, d, but which did not affect the relatively 
slow evoked C potential. The effect of using these shunts is illustrated in the 
middle pair of records (6c, d) which were taken with the amplifier at the same 
gain as the uppermost pair (6a, 6) and is also illustrated in the bottom pair of 
records (6¢, f), where the gain was increased about 2} times. This procedure 
used in obtaining records 6¢ and f is that which was employed whenever C fibre 
activity was to be measured. Fig. 6 illustrates in addition the finding that 
both the medullated and the non-medullated fibres responded to touch (com- 
pare 6e with 6/). 


10 msec 

Fig. 6. Records of the action potentials of the medullated and non-medullated fibres in a knee 
twig of the cat’s saphenous nerve. The records a, c and ¢ on the left side are controls taken 
before stroking. Records 6, d and f on the right side were taken while the skin supplied by 
the twig was stroked with a piece of cotton gauze. In records a and b there was no electrical 
stimulation, therefore no compound action potential appears. No high-frequency shunts 
were used, The records thus illustrate the random physiological activity induced by stroking. 
In records c—f the shunts have been used and the nerve was stimulated electrically. These 
records show how the amplitude of the various components of the evoked antidromic action 
potential were reduced by the background of random physiological activity set up by touch. 
Records c and d were taken at the same gain as records a and 6. Records e and f were taken 
at a gain 24 times higher. The distance between the stimulating and recording electrodes was 
87 mm. The temperature of the nerve was 32-5° C. 
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Fig. 6 also shows a further finding in our experiments; for it can be seen that 
the two major components of the C potential which can be readily identified 
in these records are not equally affected by the tactile stimulus. It is clear 
from a comparison of the two bottom records (6¢, f) that the tactile stimulus 
has caused a profound fall in the amplitude of the more rapidly propagated 
C potential, but little or no change in the amplitude of the more slowly pro- 
pagated C potential. This differential effect on the non-medullated fibres was 
regularly observed in our experiments. It was most readily seen when two 
successive records of evoked C potentials were made on the same film, as was 
done in Fig. 7 when one sweep was taken before tactile stimulation and the 


100 msec 
Fig. 7. The differential effect of touch on the faster and slower propagated subgroups of C fibres. 
Two records of the compound action potential of all the fibres in a knee twig of the cat’s 
saphenous nerve have been superimposed. The first was taken as a control before stroking. 
The second, and smaller potential, was taken while the area of skin supplied by the twig was 
stroked with a piece of cotton gauze. The distance between the stimulating and recording 
electrodes was 87 mm. The temperature of the nerve was 32-5° C. 


other during such stimulation. The differential responses of the more slowly 
and more rapidly conducting subgroups of non-medullated fibres are also 
illustrated in Fig. 9, where it can be seen that a stimulus which abolished the 
more rapidly propagated C potential (solid circles, Fig. 9), hardly affected the 
amplitude of the more slowly propagated C potential (open circles, Fig. 9). 
In many tests the more rapidly propagated C potential was reduced so 
much by stroking the skin that it could not be detected in the residual back- 
ground noise of the base line. As might be expected from their faster rate of 
propagation, the bulk of the fibres of the first C subgroup could sometimes be 
selectively stimulated by using slightly weaker shocks than those required to 
evoke the slower C potential: this has been done in the experiment of Fig. 5 
and is the reason for the absence of the slower C potential in the records. In 
such experiments applying the tactile stimulus to the skin usually reduced 
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this evoked C potential to the limit of resolution of the method. It could thus 
be concluded from such experiments that all, or almost all, the faster pro- 
pagating non-medullated fibres were sensitive to touch. 


Adaptation | 
It is well known that when medullated sensory receptors are continuously 
stimulated at a constant intensity the frequency of the impulses in the sensory 
nerve may gradually decrease. This phenomenon of adaptation also occurs 
with the non-medullated fibres. During the experiment illustrated by Fig. 8, 
antidromic compound action potentials were evoked twice per second and the 


| 
0 25 75 10 12:5 
Seconds 
Fig. 8. Adaptation in the receptors associated with the non-medullated fibres in a knee twig of 
the cat’s saphenous nerve. The ordinate is the amplitude of the antidromic C potentials 
evoked twice a second. During the period marked by the horizontal bar the area of skin 
supplied by the nerve was stroked repetitively with cotton gauze so as to maintain a tactile 
stimulus. The distance between the stimulating and recording electrodes was 86 mm. The 
temperature of the nerve was 34° C. 


amplitude of the faster propagated C component was measured (solid circles, 
Fig. 8). During the period marked by the horizontal bar the area of skin sup- 
plied by the twig from which these potentials were recorded was stroked 
repetitively backwards and forwards by means of a piece of gauze lightly 
held in the fingers. It can be seen that in spite of the fact that the stimulus 
was maintained, the degree of sensory activity induced in the non-medullated 
fibres decayed, so that whereas initially the C potential was abolished, after 
6 sec it had recovered to over 40% of its previous control amplitude. 


After-discharge 
In many instances the activity of sense organs continues after the stimulus 


has been removed. This appears as an after-discharge which can be detected 
in a sensory nerve. In our experiments it was found that the non-medullated 
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fibres possessed this property to a remarkable degree. In experiments such as 
that illustrated by Fig. 9 a single firm stroke was used to produce the almost 
complete disappearance of the faster propagated C potential, and the time 
course of the non-medullated fibre discharge was followed for some time after 
withdrawal of the stimulus. The discharge did not promptly cease, but as 
can be seen from Fig. 9 continued for about 5 sec after the end of the stroke: in 
other experiments it lasted even longer, for up to 10 sec. 

This behaviour is in sharp contrast with that of the medullated fibres of the 
5 group in the same nerve, which ceased firing much more quickly after such a 
tactile stimulus. Thus, when the é fibres were activated by a firm stroke to the 
same area of skin there was little or no reduction in the first evoked 5 potential 


Fig. 9. After-discharge from the receptors associated with the non-medullated fibres in a knee 
twig of the cat’s saphenous nerve. The closed circles represent the amplitude of the faster 
component of the antidromic C potential which was evoked twice a second and the open 
circles the amplitude of the slowest component. During the period marked by the horizontal 
bar the area of skin supplied by the twig was stroked repetitively. The distance between 


the stimulating and recording electrodes was 79-5 mm. The temperature of the nerve was 
35-5° C. 


falling after the end of the stroke: as in these particular experiments the anti- 
dromic 6 potentials were being evoked four times a second, this means that 
any after-discharge in the 8 fibres must have lasted less than one quarter of a 
second, 
The type of stimulus 

The most convenient stimulus we used was the stroking of the skin with a 
piece of cotton gauze. The weakest such stimulus which reduced the C poten- 
tial did no more than bend the hairs, while the strongest stimulus never in- 
volved applying more than gentle pressure. In general the firmer the stroke 
the greater was the activity produced in both the 5 and the C fibres. However, 
a variety of other mechanical stimuli was tried. For example intense activity 
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was evoked in the non-medullated fibres by a jet of air under a pressure of 
40 mm Hg and delivered through a 25cm length of tube of 4 mm internal 
diameter held some 5-6 cm from the skin. The non-medullated fibres were 
also activated by pouring liquid paraffin at the room temperature (30° C) 
slowly over the paw from a height of about 5 cm. The result of such an ex-_ 
periment is shown in Fig. 10. It can be seen that this mild stimulus produced 
a two-thirds reduction in the size of the evoked antidromic C potential; this 
means that at least two thirds of the non-medullated fibres were activated by 
the stimulus. | 


Size of C potential 
(% of maximum) 
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0 5 10 15 20 
Seconds 
Fig. 10. The activity in the non-medullated fibres in an ankle twig of the cat’s saphenous nerve in 
response to pouring liquid paraffin at 30° C (room temperature) over the inside of the ankle 
and foot. The horizontal bar marks the time when paraffin was being poured on. The ordinate 
is the size of the antidromic C potential evoked twice a second. The distance between the 
stimulating and recording electrodes was 125 mm. The temperature of the nerve was 34° C. 
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The finding that these different mild tactile stimuli produced so much 
activity in the non-medullated fibres made it the more interesting that we 
were never able to obtain evidence for any specific effect of temperature 
changes in experiments in which the skin was touched with cold objects such 
as ice, or with hot objects such as test tubes filled with boiling water, or when 
the skin was irradiated with a lamp, or even when liquid paraffin at 105° C 


was poured over it. 
DISCUSSION 


When it was found that the non-medullated fibres were responsible for the 
slowly propagated C component of the compound action potential of peri- 
pheral nerves (Heinbecker, 1929; Bishop, Heinbecker & O’Leary, 1933) a 
method became available for learning something of the sensory function of these 
smallest nerve fibres. By stimulating electrically the central end of the cat’s 
saphenous nerve, and recording the action potential set up, Clark et al. (1935) 
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were able to show that the C fibres produced powerful circulatory and 
respiratory reflexes: they concluded that the non-medullated fibres were 
involved in signalling pain. Subsequent experiments on humans provided in- 
direct corroborative evidence (see Bishop, 1946; Gasser, 1943; Landau & 
Bishop, 1953). For example, asphyxia or compression of nerve trunks has 
been found in animal experiments to block transmission in medullated fibres 
more readily than in non-medullated fibres, and when either of these procedures 
is applied to the intact human nerve the sensation which persists longest is 
that of pain. The belief that non-medullated afferent fibres are concerned with 
mediating the sensation of pain—especially that of burning pain (see Landau 
& Bishop, 1953)—has therefore, become general. Such experiments, however, 
do not exclude the possibility that non-medullated fibres have other sensory 
functions. This was recognized by Bishop (1946) who stated that ‘what other 
senses this group may mediate is not known at present’. From our experi- 
ments in which we have examined directly the discharges of non-medullated 
fibres, it is clear that the bulk of such fibres in the cat’s saphenous nerve 
respond to stimuli which cannot be thought of as painful; for these stimuli— 
light stroking with a cotton swab or the gentle pouring of liquid paraffin over 
the skin—gave rise to a sensation of tickling or of gentle touch when applied to 
the face or to the back of the hand of the experimenters, Although the C potential 
in the cat’s saphenous nerve is small, the number of fibres contributing to it is 
large: indeed, these non-medullated afferent fibres outnumber the medullated 
fibres three or four times (Gasser, 1950). The finding that the greater number of 
these non-medullated fibres is activated by tactile stimuli therefore leads us to 
conclude that such fibres normally play an important role in signalling touch. 
The possibility that non-medullated fibres respond to tactile stimuli was raised 
in 1939 by Zotterman, for he observed that very small potentials appeared in 
fine twigs of the cat’s saphenous nerve in response to touch. Although he 
did not measure the conduction velocity of these potentials, he suggested 
that they came from non-medullated fibres. The other results he obtained— 
those on the medullated fibres—are frequently quoted, and it is therefore 
surprising that his comments on the small potentials have not received 
more prominence. One reason may be that it is notoriously difficult to 
equate the amplitude of an action potential in any given experimental 
situation with the conduction velocity characteristic of the fibres (see 
Paintal, 1953). 

The correlation of the different modes of sensation with activity in particular 
fibre groups has been a favourite pursuit of physiologists ever since these 
distinct fibre groups were discovered (see Erlanger & Gasser, 1937). Although it 
was at one time believed that each of the different modes of sensation might 
be mediated through a particular fibre group it is now known that there is 
overlap. Pain, for example, is mediated not only by the C fibres but also by 
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the 5 fibres. Bishop (1946) considered this to be a ‘salubrious exception’ to a 
general tendency for pathways of sense to be mediated by fibres of charac- 
teristic size range. But it may well be asked whether the exception does not 
occur more often than the rule; for in the present experiments it has been 
shown that the same touch stimulus activates not only the fastest (a8) and 
slowest (5) among the medullated, A, fibres, but also the non-medullated, 
C, fibres. 

One can only speculate as to why such different fibre groups are involved in 
signalling the one sensory mode, for there is no obvious virtue in the slow con- 
duction of impulses which occurs in the non-medullated fibres. However, the 
raison d@ ére may lie in the behaviour of the receptors of the non-medullated 
fibres and in the effects they produce centrally; for in these two respects the 
non-medullated fibres are quite different from the medullated fibres. For ex- 
ample, our experiments show that the touch receptors of the non-medullated 
fibres continue to discharge for seconds—sometimes many seconds—after the 
excitatory stimulus has been withdrawn, whereas the 5 fibres stop discharging 
in less than one-quarter of a second after withdrawal of the same stimulus. 
As to the peculiar central effects of sensory non-medullated fibres, two findings 
may be cited. The first is that of Bishop & Heinbecker (1935), who compared 
the muscular reflexes set up by stimulation of the 5 fibres in the saphenous 
nerve with those set up by stimulation of the C fibres in the same nerve. They 
found that stimulation of the C fibres caused fused reflex muscular contractions 
at much lower frequencies than did excitation of the 5 fibres. The second 
finding is that of Douglas & Ritchie (1956) and Douglas, Ritchie & Schaumann 
(1956) who obtained analogous results with the non-medullated and medullated 
afferent fibres in the rabbit’s vagus and aortic nerves. They found that the de- 
pressor reflexes associated with the C fibres were obtained at low frequencies of 
stimulation, often less than 1 shock/sec; such frequencies were much below those 
required to produce the depressor reflexes associated with the A fibres. More- 
over, the depressor responses to stimulation of the C fibres persisted much longer 
than those to stimulation of the A fibres. Thus, the response of the receptors and 
the response of the central mechanisms associated with non-medullated fibres 
each far outlasts its stimulus. The particular effect of activity in the non- 
medullated fibres may therefore be to cause prolonged changes in the central 
nervous system—although the usefulness of such a characteristic for signalling 
touch is obscure. It may be that these properties of the non-medullated fibres 
are responsible for the lingering faint sensation which follows a gentle stroking 
of skin in humans. But this seems a small return for such a massive discharge 
as we have observed, and it may be that the majority effect of these non- 
medullated fibres is at a level below consciousness. 

Because we have found that all, or nearly all, the faster propagating group 
of non-medullated fibres in the saphenous nerve signal touch, it may well be that 
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the non-medullated fibres which are believed to mediate pain belong to the 
slower propagating group of non-medullated fibres. It will be interesting to 
examine the reflex effects of these two subgroups of C fibres. It must be re- 
membered, however, that a small proportion (10-20%) of the non-medullated 
fibres in the cat’s saphenous nerve are sympathetic post-ganglionic fibres 
(Heinbecker et al. 1933) and these may be responsible for part of the slower 
propagated C potential. It seems unlikely that the fast propagating C fibres 
which we have found to signal touch may also signal pain—for example by 
higher frequencies of firing (a mechanism which has been repeatedly advanced 
for the medullated fibres; see Bishop, 1946)—for we have not succeeded in 
evoking greater responses than those induced by touch, even with the now 
familiar technique for eliciting pain, namely by strong heating (Hardy, Wolff 
& Goodell, 1940). The fact that we never detected any firing of non-medullated 
fibres specifically caused by such heat stimuli does not of course mean that 
‘pain fibres’ and ‘temperature fibres’ do not exist in the non-medullated group 
but probably indicates that they are much outnumbered by the ‘touch fibres’. 
The same would also apply to the é fibres, the bulk of which seemed to be ‘touch 
fibres’, although this group is known to contain ‘pain fibres’ and also fibres 
responding to heat and cold (Bishop, 1946). The results with the 6 fibres are 
not surprising for there are much fewer warm and cold spots than touch spots 
(see Rothman, 1954). But in order to get a closer understanding of the non- 
tactile functions of the non-medullated fibres in the cat’s saphenous nerve, it 
will be necessary to adopt finer stimulating techniques, and to obtain some 
direct experimental evidence on the function of the smaller body of more slowly 
conducting non-medullated fibres. There is, however, no doubt of the main 
conclusion that the bulk of non-medullated fibres in the saphenous nerve is 
given over to signalling touch and light pressure, and that these non-medullated 
‘touch fibres’ outnumber the medullated ‘touch fibres’. 


SUMMARY 


1, A study has been made of the sensory impulses set up in the cat’s 
saphenous nerve by touching the skin. 

2. Such stimuli have been found to excite not only the fastest and slowest 
medullated fibres, but also the more numerous non-medullated fibres. 

3. The bulk of the non-medullated fibres fired in response to touch as did 
also the medullated 8 fibres. 

4. It was found that there are two distinct subgroups of non-medullated 
fibres in the saphenous nerve which propagate at different velocities: All, 
or nearly all, of the fibres in the faster and larger of these two subgroups 
fired in response to touch, while few, if any, of those in the slower group did so. 

5. The discharge set up in the non-medullated fibres slowly adapted and 
persisted for a long time after withdrawing the touch stimulus. 
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6. Itis concluded that the many non-medullated fibres in the cat’s saphenous 
nerve are largely given over to signalling touch and light pressure. 


This investigation was supported by a research grant (B 1093) from the National Institute of 
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ON THE FREQUENCY OF FIRING OF MAMMALIAN 
NON-MEDULLATED NERVE FIBRES 
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Although mammalian non-medullated fibres can conduct more than 100 im- 
pulses/sec when stimulated electrically, it has long been suspected from in- 
direct evidence that their maximum physiological frequency of firing is very 
much lower. For example, Folkow (1952) has stimulated the lumbar sym- 
pathetic chain at different frequencies and compared the resulting vasocon- 
strictor effects with those evoked reflexly; he concluded that the maximum 
physioiogical frequency of firing in the sympathetic outflow is usually 6-8 im- 
pulses/sec, or at most 10. 

Recently a technique has been devised to measure physiological activity in 
non-medullated nerve fibres directly, and to determine the frequency of 
firing in these non-medullated fibres under various physiological conditions 
(Douglas & Ritchie, 19574, 6). With this technique, the average frequency of 
firing of the non-medullated post-ganglionic fibres in the rabbit’s cervical 
sympathetic trunk was found to be about 8 impulses/sec during the terminal 
stages of asphyxia (Douglas & Ritchie, 1957a). There is thus direct evidence 
that the frequency of firing of efferent non-medullated fibres is indeed low. 
The present experiments were done to determine the frequencies of firing of 


the non-medullated afferent fibres in the cat’s saphenous nerve which respond 
to touch (Douglas & Ritchie, 1957). 


METHODS 


The methods used have been described fully in the previous paper (Douglas & Ritchie, 1957) 
and will now be described only in outline. Action potentials were recorded from a knee twig or 
an ankle twig of the saphenous nerve of a cat under chloralose anaesthesia through electrodes 
placed near the point where the twig disappeared into the skin. Compound action potentials 
were evoked by stimulating electrically the whole saphenous nerve below where it was cut near 
the groin. The distance between stimulating and recording electrodes varied: the maximum was 
125 mm. The potentials were recorded through an RC-coupled amplifier with a long time constant, 
and with shunts to limit the high-frequency responses when desired; so that the C poteritial 
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in which we were interested was recorded without significant distortion, although the quicker 
potentials composing the background of physiological activity were very much reduced. 

The principle underlying the technique we have used to measure the rates of firing of the various 
groups of nerve fibres relies on the fact that the size of an evoked compound action potential, 
which is recorded in a nerve which is still in functional connexion with the animal, varies in- 
versely with the amount of physiological, ‘spontaneous’ firing in its constituent fibres (Douglas & 
Ritchie, 1957a). In the present experiments the procedure to be followed, therefore, is to evoke 
an antidromically propagated compound action potential in the saphenous nerve in the thigh 
region and to record this action potential in a twig of the nerve still in connexion with its receptors 
in the skin. When sensory impulses are present in this nerve twig—as a result, say, of touching 
the skin it supplies—then the size of the evoked antidromic compound action potential will be 
reduced: this reduction comes about because the antidromic impulses in some individual fibres are 
extinguished before reaching the recording electrodes by colliding with orthodromic sensory im- 
pulses in these same fibres. Clearly the reduction will be the larger when the distance d between 
the stimulating and recording electrodes is larger, when the frequency f of discharge is higher, and 
when the velocity of propagation v of the action potential is smaller: because in these circum- 
stances the antidromic impulses (whose sum is the compound action potential) have a greater 
chance of being extinguished by orthodromic impulses. According to the simple theory developed 
by Douglas & Ritchie (1957 a) the size of the reduction r (expressed as a fraction of the maximum 
size of the action potential), is equal to 2fd/v, where f is the number impulses/sec, d is the dis- 
tance in metres and v the velocity in m/sec. In the present experiments the frequency has therefore 
been calculated from the relationship f =vr/2d, where f is a kind of average frequency of firing of 
the fibres: if the conduction velocity is the same for all the fibres then it can be shown that this 
calculated value is the simple arithmetical mean. 


RESULTS 


In the first set of experiments the non-medullated afferent fibres in the 
saphenous nerve, which were described in the previous paper (Douglas & 
Ritchie, 1957c), were excited by applying a tactile stimulus with a cotton 
swab loosely held in the hand, and the degree of activity in them was measured 
by recording the decrease in the evoked antidromic compound C potential: 
records from such an experiment are shown in Fig. 1 where the tactile stimulus 
almost abolished both the 5 and the C potentials. The area of skin over which 
a tactile stimulus was effective in stimulating the fibres of a given nerve twig 
varied, and was usually about 10-20 cm®. However, to obtain excitation of 
almost all fibres in the twig it was necessary to touch only a few cm*. in the 
middle of this area. Reasonably constant degrees of excitation of the non- 
medullated afferent fibres were obtained on successive occasions and this 
allowed us to test the theory described in the methods section ; for with a given 
stimulus the reduction in the size of the antidromic action potential should 
increase linearly with increasing distance between the stimulating and record- 
ing electrodes. The result of such an experiment is shown in Fig. 2, where the 
effect of stroking the skin on the size of the evoked antidromic action potential 
has been tested at several conduction distances. Two things can be seen from 
this figure: first, that over the range 14-60 mm the reduction in the size of 
the © potential increased in an approximately linear fashion with increasing 
conduction distance; and, secondly, that as the conduction distance was 
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100 msec 


Fig. 1. The effect of stroking the skin on the size of the evoked antidromic compound action 
potential of a twig of the cat’s saphenous nerve. The top record was taken before stroking: 
the bottom record was taken during stroking. The various components of the compound 
action potential are indicated in the top record. The distance between the stimulating and 
recording electrodes was 65 mm. The temperature of the nerve was 32-5° C. 


j j 
50 100 
Conduction distance (mm) 
Fig. 2. The relationship between conduction distance and the reduction in size of the C component 


of the evoked antidromic compound action potential caused by a constant background of 
physiological activity. The temperature of the nerve was 32-5° C. 


Reduction of C potential 
(% of maximum size of whole C potential) 
3 


but re 
| about 
{ by th 
and 
previ 
7 1957 « 
by th 
show: 
those 
exam 
obtal 
ducti 
the r 

tial. 
| grou 
d & Ri 
corr 
C fil 
mere 
obse 
whe 
thar 
| COIT 
the 

the 
redi 
In 
bec: 
ting 
at \ 
tact 
tha 
65: 
tha 
of 
12 
] 
lat: 


FIRING FREQUENCY OF NON-MEDULLATED FIBRES 403 


increased beyond about 60 mm the reduction no longer continued to increase 
but remained constant at a value of about 75°. This means that there were 
about 25% of the non-medullated fibres in the twig which were not excited 
by the tactile stimulus; some of these fibres most likely belonged to the second 
and more slowly conducting group of non-medullated fibres described in the 
previous paper, which do not seem to respond to touch (Douglas & Ritchie, 
1957c). The existence of these non-medullated fibres which are not activated 
by the tactile stimulus raises some difficulty in calculating from the results 
shown in Fig. 2. If these inactive fibres belonged to the same population as 
those responding to the tactile stimulus the position would be simple. For 
example, in the experiment of Fig. 2 it is necessary, for the calculation, to 
obtain the reduction in size of the C potential expressed as a percentage re- 
duction in size of the potential of the activated group of fibres; this is 49° of 
the reduction expressed as a percentage reduction in size of the whole C poten- 
tial. However, all the C fibres do not belong to the same population. For there 
is a group of fibres which does not respond to touch, has a higher threshold 
for electrical stimulation, and has a smaller velocity of conduction that the 
group to which the C fibres activated by the tactile stimulus belong (Douglas 
& Ritchie, 1957c). To be accurate, therefore, in relating the size of the evoked 
antidromic potential to the number of fibres involved, a rather complicated 
correction would have to be made, since the potentials from the two groups of 
C fibres separate progressively from each other as the conduction distance 
increases—indeed at long distances two distinct potentials could usually be 
observed (Douglas & Ritchie, 1957c, Fig. 2). In the experiment of Fig. 2 
when the results were plotted the departure from linearity was not greater 
than the experimental error. In such experiments therefore the simpler 
correction has usually been made in calculating the frequency, namely, that 
the actual reduction in the activated group was greater by some factor than 
the observed reduction, the size of the factor depending on the size of the 
reduction at which the plateau was obtained in the response/distance curve. 
In other experiments it was not necessary to make any correction at all, 
because the first and more rapidly propagated C potential could always be dis- 
tinguished from the second potential over the range of interelectrode distances 
at which measurements were taken and could be completely abolished by the 
tactile stimulus, In the experiment of Fig, 2 it can be seen by the extrapolation 
that the reduction of the C potential was complete at a conduction distance of 
65 mm. The peak of the C potential conducted at about 1-0 m/sec, This means 
that the frequency of firing was about 8 impulses/sec. The highest frequency 
of firing of these non-medullated fibres observed in our experiments was 

12 impulses/sec, | 
In the same experiment as Fig. 2 the tactile stimulus also fired the medul- 
lated 8 fibres whose potential was recorded simultaneously with the C potential. 
26 PHYSIO. OXXXIX 
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It was therefore possible to compare directly the frequency of discharge of the 
medullated 8 fibres with that of the non-medullated C fibres during the same 
stimulus. Thus the frequency of firing of the 8 fibres whose peak conducted at 
about 14 m/sec in the experiment of Fig. 2 was calculated to be about 50 im- 
pulses/sec, i.e. about six times the rate at which the C fibres fired. 

In the experiments just described the stimulus employed was to draw across 
the skin a roll of cotton gauze lightly held between the fingers. The stimulus 
was thus a combination of touch and light pressure. This seemed to produce 
the maximal frequency of firing because a heavier pressure was no more 
effective. Experiments were also done with weaker stimulation producing 
lower rates of firing. Most observations were made with conduction distances 
between the stimulating and recording electrodes greater than 100 mm, and 
the potential derived from the group of non-medullated fibres responding to 
the tactile stimulus was quite distinct from the second, and more slowly 
propagated, potential derived from the other non-medullated fibres which 
were not activated by this stimulus: so that it was not necessary to apply the 
correction which had to be applied in the experiment of Fig. 2. As might have 
been expected, the reduction in size of the antidromic C potential varied with 
the intensity of the stimulus. Thus, whereas the strongest stimuli which we 
have already described usually abolished the fast C potential, stroking the 
same area of skin lightly so as to do little more than bend the hairs only 
reduced this C potential by about 25-75%. These smaller effects with the 
feebler stimulation could have been due to all the fibres firing but at a lower 
frequency; or to fewer fibres firing with little change in frequency; or toa 
combination of both. Clearly the calculation of the frequency of firing of the 
active fibres depends on which of these patterns exists. We have usually as- 
sumed that the first possibility was correct: This facilitated calculation and 
has some justification in that the feebler stimuli were qualitatively similar 
and were applied over the same area. Making this assumption, we have 
calculated that in response to a very light touch (which when applied to the 
experimenter’s face gave a tickling sensation) the fast C fibres fired at about 
2-6 impulses/sec. During the same stimulus the 6 fibres fired at 20-60 impulses/ 
sec, i.e. about ten times the rate of firing of the C fibres. When, instead of 
touching the skin, paraffin oil at room temperature was poured over it from a 
height of 5 cm, there was a similar discharge of C and & fibres; the calculated 
frequency of firing of the C fibres was about 2~4 impulses/sec and that of the 
5 fibres about 20-40 impulses/sec. The results of some typical responses of 
the 5 and C fibres are shown in Table 1 and it can be seen that on the whole 
the 4 fibres fired just over ten times as fast as did the C fibres. 

On the assumption, however, that the second extreme possibility is correct, 
namely that fewer fibres responded to the feebler stimulus, another calculation 
may be done. For example, suppose the fast C potential were reduced by 
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about 60% when the conduction distance was 100 mm, then the frequency of 
firing of the non-medullated fibres calculated on the first assumption that all 
fibres were active would be 3 impulses/sec. However, on the second assump- 
tion, all one could be sure of is that 60° of the non-medullated fibres were 
active, and by applying a correction similar to that described when dis- 
cussing Fig. 2, the frequency of firing of these fibres would be 49° of that 
calculated on the first assumption i.e. 5 impulses/sec. This second calculation 
is of course, only valid provided the plateau to the response/distance curve 
had not been reached with these long distances. This was checked by observing 
that reducing the distance did in fact reduce the response. It is thus possible 
to determine the upper and lower limits to the frequency of firing in any 
particular instance. 


Tasze 1. The rate of firing of 8 fibres and C fibres to the same stimulus 


cy of firing 
(impulses/sec) 

Preparation Stimulus 8 fibres C fibres Ratio 
Cat A t stro 31 5-5 6 
Cat B Light 50 5 10 
Cat B (first test) Firmer stroking 77 6 
Cat B (second test) Firmer stroking 84 4 21 
Cat B Pouring paraffin 16 1-4 11 
Cat C Firmer stroking 67 5-5 12 


DISCUSSION 


The main conclusion to be reached from these experiments is that the maximum 
rate at which mammalian non-medullated cutaneous afferent fibres fire in 
response to touch is low and is about 10 impulses/sec. This is close to the 
value of 8 impulses/sec we arrived at (Douglas & Ritchie 1957a) for the fre- 
quency of firing of the non-medullated fibres in the rabbit’s cervical sym- 
pathetic trunk in terminal asphyxia. It thus seems that the physiological 
frequencies of firing of both motor and sensory mammalian non-medullated 
fibres are about the same and are much smaller than that of even the slowest 
medullated nerve fibres. Thus the 8 fibres in our experiments usually fired at 
about 10 times the rate of the C fibres when the same tactile stimulus was 
applied. It must again be emphasized that the value for the frequency 
of firing calculated in these experiments represents an average value for 
all the frequencies of firing in the fibres studied; and therefore in some 
of the individual fibres the frequency will be higher, and in others lower, 
than the calculated average value. In some respects the average value gives 
a better over-all picture of what is happening in an intact nerve trunk than 
do measurements of frequencies in isolated, selected fibres. 

It is of interest to compare the rates at which non-medullated fibres fire 
in response to physiological stimuli with those at which they - _ 
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stimulated with drugs. In our experiments (Douglas & Ritchie 19576) on 
the non-medullated afferent fibres in the rabbit’s vagus nerve, the greatest re- 


duction of the evoked C potential which was produced by phenyl diguanide ‘ 


or by 5-hydroxytryptamine was about 45%, when the conduction distance 
was 50 mm. On the assumption that all the vagal non-medullated fibres were 
excited by the drugs (this is unlikely, for some of these fibres are motor and 
many of the sensory fibres lay outside the region exposed to the drugs) the 
frequency of firing can be calculated to have been 44 impulses/sec. On the 
other extreme assumption, that the 45°, reduction indicates that only 45%, 
of the fibres were active, the rate of firing of this group of active fibres would 
have been 10 impulses/sec. The choice between these frequencies depends on 
how the effect would have varied with distance. If the first assumption were 
true, the C potential would have been abolished on drug stimulation provided 
the distance between the stimulating and recording electrodes were suf- 
ficiently long. If the second assumption were true, a plateau would have been 
reached in the response/distance curve, as in Fig. 2, at a value of 45%, re- 
duction. In practice the longest distance of the vagus which was available in 
the neck was about 70 mm. This meant that the longest distance which could 
be obtained between the stimulating and recording electrodes was about 50 mm. 
This was not enough to allow us to resolve the problem. But it was shown in 
these experiments (unpublished observations) that the response had not 
reached a plateau at any distance less than the 50 mm used. Therefore, the 
value of 10 impulses/sec represents an upper limit to the frequency of firing, 
so that the observed rate of firing of these non-medullated fibres in response 
to maximally effective doses of drugs is similar to that observed in the other 
non-medullated fibres in response to different physiological stimuli. It is 
of interest that stimulation of the non-medullated afferent fibres in the vagus, 
aortic and carotid sinus nerves produced almost maximal reflex effects at 
10 shocks/sec (Douglas, Ritchie & Schaumann, 1956; Douglas & Ritchie, 1956). 

Non-medullated fibres are known to behave in a peculiar way when excited 
repetitively by electrical stimulation. Such stimulation causes a marked 
enhancement in the size of the action potential, the appearance of negative 
after potentials following the spike and of a post-tetanic hyperpolarization 
(Gasser, 1950; Brown & Holmes, 1956). According to Ritchie & Straub 
(1956) the post-tetanic hyperpolarization is the underlying cause of the post- 
tetanic effects. Brown & Holmes (1956) found that the post-tetanic enhance- 
ment of the C potential in thc cat’s hypogastric nerve was maximal at a 
frequency of stimulation of 50-100 shocks/sec, and that distinct changes in 
the action potential occurred at 15 shocks/sec. In the experiments of Ritchie 
& Straub (1957) on the non-medullated fibres of the rabbit’s cervical sym- 
pathetic trunk, the post-tetanic hyperpolarization first appeared when the 
frequency of stimulation was more than 6 shocks/sec but not when it was 
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: | legs. Since the wpper limit of the physiological frequency of firing of those 
, several non-medullated fibres so far examined appears to be about 10 im- 
) § pulses/sec, it is thus possible that changes in the action potential may occur to 
| gome extent in these fibres during and after the more intense physiological 
| discharges whatever may be the function significance of these changes. 
However, since the non-medullated fibres may be expected normally to fire at 


much less than their maximal rate, significant changes in their action potentials 
may be uncommon. 


‘ SUMMARY 


1, A technique for measuring physiological activity in non-medullated 
fibres (C fibres) has been used to determine the frequency of firing of the 
non-medullated afferent fibres in the cat’s saphenous nerve which are excited 
by touching the skin. 
¢ 2. When the skin was touched lightly, or when liquid paraffin at room 
temperature was poured over it, the non-medullated afferent fibres discharged 
on the average at frequencies ranging from 2 to 6 impulses/sec. 

3. The maximal rate at which these non-medullated fibres were found to 
fire was about 10 impulses/sec. This was induced by firmly stroking the skin. 

4. The frequency of firing of the medullated 3 fibres was measured in some 
experiments along with that of the non-medullated fibres. With various tactile 
stimuli the 8 fibres discharged at a frequency just over ten times that of the 
non-medullated fibres. 
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‘EFFECTS OF CALCIUM AND POTASSIUM INJECTED 
INTO THE CEREBRAL VENTRICLES OF THE CAT 
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From the National Institute for Medical Research, Mill Hill, 
London, N.W. 7 


(Received 1 July 1957) 


In previous experiments (Feldberg & Sherwood, 1954a, 6, 1955) injections of 
a number of drugs into the lateral cerebral ventricles of the unanaesthetized cat 
and the ensuing behavioural changes have been described. The present experi- 
ments are a continuation of this work and deal with the effects of intraven- 
tricular injections of calcium and potassium. These cations are known to exert 
powerful central depressant and excitatory effects respectively when given 
systemically or applied locally, but only a few experiments have so far been 
conducted in which the effects have been studied when these ions are intro- 
duced into the cerebral ventricles or into the great cisterna. 

The effects on injection of calcium and potassium into the cerebral ventricles 
of cats were studied by Marinesco, Sager & Kreindler (1929). The salts were 
injected under light ether anaesthesia and the effects observed as the anaes- 
thetic wore off. The injection of 1 mg calcium chloride caused, after a latency 
of about 1 hr, sleep which lasted for several hours.’ The injection of 1 mg 
potassium chloride resulted in clonic contractions which lasted for 20 min; 
afterwards the cats were unable to walk and were very excited, and about 
2 hr after the injection they fell asleep for several hours, whilst respiration 
was accelerated and the body temperature raised. 

Stern (1945) pointed out that an increase of the potassium: calcium ratio 
in the cerebrospinal fluid raised the tonus of the sympathetic nervous system 
and influenced the general state of excitation of the central nervous system. 
The intraventricular injection of a few milligrams of potassium into humans 
resulted in augmentation of cardiac activity, increased muscle tone and general 
excitability. Stern advocated the injection of a mixture of potassium di- 
hydrogen and dipotassium hydrogen phosphates (2-7 ml. of a solution con- 
taining 6-5 mg potassium/ml.) for the treatment of shock. The mixture was 
“introduced suboccipitally to the vegetative centres’ in many war cases, and 
the result was satisfactory. In experiments on animals in a condition of shock, 
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the intraventricular injection of 0:1 ml./kg of such a solution led to a rise in 
arterial blood pressure, deepening of respiration and restoration of the excit- 
ability and reactivity of the animal. 
| METHODS 
The method of injection into the cerebral ventricles of the cat through an indwelling cannula 
has been described previously (Feldberg & Sherwood, 1953). When 2 mg or more of either calcium 
or potassium chloride was injected intraventricularly, the calcium chloride was injected in a 
0-9% solution and the potassium chloride in a 1-1% solution in distilled water. When smaller 
amounts than 2 mg were injected these solutions were diluted with saline solution and the in- 
jection volume was kept at 0-2 ml. In this way the salts were always injected in a solution which 
is practically isotonic with a 0-9% NaCl solution. In some experiments, in which adrenaline or 
noradrenaline was injected intraventricularly for comparison, the injection volume was also 
0-2 ml. 
RESULTS 
| Effect of calewum 

The effect of an intraventricular injection of calcium chloride can be divided 
into two consecutive phases: the first is characterized by disturbances of 
balance, muscle power and posture, the second by anaesthesia. Both states 
are similar to those seen after an intraperitoneal injection of pentobarbitone. 

The following is a general outline of the effects observed after an injection 
of 2 mg CaCl,. Within about 20 sec the cat suddenly reared up, raised its 
head and shoulders and, staggering on its hind legs, barely avoided falling 
over backwards. The cat then slowly circled in the cage with an ataxic gait, 
hesitating between steps, missing its footing occasionally and then lying down, 
usually on its side. After a short time the cat rose again; each front leg was 
extended forward in turn while the hind legs remained flexed and performed 
joint, short, hopping movements; the cat lay down again and came to rest, 
at first keeping its head just off the floor, but later supporting chin or nose on 
a convenient object in the cage such as the rim of the food dish, or on the floor 
itself. It often braced itself against the side of the cage or against the food 
dish with the upper forelimb, when lying on its side. There were small alter- 
nating head movements from side to side, associated with nystagmoid move-. 
ments of the eyes towards the side of deviation, and sometimes waves of fine 
oscillations of head and eyes. Otherwise, the cat seemed relaxed. At the 
onset of these signs the cat was alert, following the observer with its eyes, 
but within a few minutes the eyelids drooped and the nictitating membrane 
became visible to a variable extent; the general appearance resembled 
drowsiness or sleep. At this time the cat still reacted by opening the eyes 
a little for a short time when the observer approached the cage. Later 
the cat could no longer be roused and remained in a condition resembling full 
anaesthesia for 60-90 min. The cat then came out of this state gradually, 
full recovery not being achieved until several hours later; in fact, some 
lethargy was still present the following day. 
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The first signs of lightening of the state were reactions to noise, pin-prick 
and handling. Later the cat showed its increasing alertness by following events 
in the room with its eyes and holding its head raised in response to noise for 
lengthening periods, but as yet without rising from the recumbent position. 
At this and later stages weakness rather than drowsiness was the predominant 
feature, for when the cat resumed spontaneous locomotion, after 2-3 hr, it 
did so by reaching far out in front with one forepaw and then slowly following 
with the rest of the body without extending the hind legs, and it swayed from 
side to side. Still later it stretched its legs as a cat usually does after normal 
sleep, but showed signs of weakness by leaning against the side of the cage 
when progressing and by difficulties in initiating movements: before a few 
steps were taken there were a number of small hesitant movements in the 
direction of the subsequent steps. The cat also had difficulty in unflexing its 
hips, knees and heels and in maintaining a posture involving muscular effort, 


for instance, sitting upright. When the cat was tempted by a proffered hand : 


to assume an upright position, it did so by grasping the side or roof of the 
cage with the forepaws, but the joints of both fore and hind limbs sagged, so 
that the cat, after hanging limply for a few seconds by one or both front paws, 
dropped to the floor. 

Apart from this general behaviour the following more detailed observations 
and tests were carried out after the intraventricular injections of 2 mg CaCl,. 

Respiration. There was first an increase and then a decrease in the rate of 
respiration in the recumbent cat. The period of increased respiration was short, 
a maximum of 100—-170/min was reached within 3-6 min. The rate of respiration 
then fell within the following half hour to values of 11-15/min. No significant 
rise in respiratory rate occurred during the following hour whilst the cat was 
lying immobile in the cage, and the rate did not change when unsuccessful 
attempts were made to rouse the animal. During the following hours the rate 
increased slowly even whilst the cat was lying inactive in the cage. When at 
this stage the cat was roused or resumed muscular activity, the rate rose 
naturally. At later periods, when the cat was responsive and active and rarely 
recumbent, no further counts of respiration were taken. The time course of 
the respiration rate following the intraventricular injection of 2 mg CaCl, is 
shown in Fig. 1. With repeated injections of CaCl,, given at weekly intervals, 
the respiratory depression developed more quickly, was deeper and lasted 
longer. 

Curculation. The injections caused bradycardia, which occurred at a time 
when the respiratory rate was still elevated. Minima of 70-90 beats/min were 
reached within the first 10-15 min; recovery began after a further 15-20 min. 
Normal values of 150 beats/min or more were again obtained about 14 hr 
after the injection. 


The injection was also followed by an initial period of peripheral vaso- 
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dilatation, as shown by warmth of the nose, ears and pads of the paws. 
Vascular congestion of the ears was often pronounced and the colour, which 
was at first red or pink, assumed a bluish tinge at the time of maximal respira- 
tory depression. 

Oculo-motor signs. A few minutes after the injection the pupils became 
extremely narrow and later no light reflex, or only a slight one was obtained. 
There were periods of alternating small contractions and dilatations of the 
iris (hippus). The nictitating membrane became visible while the eyes were still 
half open, but never fully covered the eye. Later on the eyes were closed and 
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Fig. 1. Changes in the rate of respiration in an unanaesthetized cat 
after the injection of 2 mg CaCl, into the cerebral ventricle. 
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remained so for over an hour. Nystagmoid and oscillatory movements of the 
external eye muscles associated with head movements occurred early after 
the injection. Although spontaneous blink movements were rare or absent, 
the corneal reflex was not abolished, but it was less brisk. 

Muscle tone, power and co-ordination. After the initial ataxia had become 
apparent the muscle tone decreased, and by the time the cat had lain 
down the muscles were completely relaxed so that on handling the cat 
conveyed the impression of a rag doll. The muscular tone returned gradually 
in the course of 14-2 hr. Parallel to the loss of muscle tone there was a loss 
of musele power, which was evident by the fact that the cat exerted only a 
weak traction when the paws were pinched at a time when the cat still 
responded with a sustained effort. When the cat was gently edged off a shelf 
from a height of about 4 ft. it resisted, bracing itself in the early stages against, 
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the pushing hand, but later no such resistance was offered. Owing to ataxia 
and weakness its landing and righting became increasingly worse soon after 
the injection. 

In order to test the ability to balance, the cat was placed on horizontal 
crossed bars at a height of about 4 ft. from the ground. Normally the cat has 
no difficulty in standing and moving about on them. Within 10 min after the 
injection the cat was unable to maintain its equilibrium on the bars, missed 
its foothold and made attempts to save itself by hanging on with the front 
paws until it dropped off and did not right itself during the fall. Later on the 
cat was too weak to make any efforts at all to save itself; as soon as it was 
placed on the bars it slid off and had to be caught. About 1} hr after the 
injection the cat was still unable to balance on the bars but remained hanging 
with two or all four paws, made attempts to climb back and did not fall off. 
Three hours after the injection the cat could again stand and walk on the bars 
although it was still unsteady. 

The placing reaction of all four paws was lost within 10-15 min after the injec- 
tion ; this condition was preceded by a period of inaccurate placing as indicated 
by overshooting of the movements. Partial return of the placing reaction 
occurred in the course of 14 hr but the reaction was still indeterminate after 3 hr. 

Reaction to deep pressure and pin-prick. In a normal cat deep pressure 
applied to a hind paw by pinching evokes immediate withdrawal. The cat 
tries to jerk the paw free, struggles and turns the head towards the affected 
limb. It miaows or shows signs of anger such as hissing, protruding its claws, 
or even biting. Within a few minutes after the injection these reactions became 
reduced and delayed and were absent after about 10 min; they return 
gradually and were fully developed about 1 hr later. 

When the ear of a normal cat is pricked with a pin a light prick does not 
always produce a reaction but a heavier or sustained prick produces jerks and 
miaowing followed by vigorous shaking of the head and the performance of 
toilet, i.e., washing and licking itself. After the injection of CaCl, these 
‘displacement reactions’ became first delayed and reduced, and later they were 
absent. At a time when the withdrawal reactions in response to deep pressure 
had returned, i.e. about 1} hr after the injection, sustained and hard pricks 
produced no other reaction than the performance of ‘toilet’. 

Reaction to restraint and petting. A cat which normally did not accept res- 
traint by being held by its shoulders between the observer’s forearm and body 
for }-1 min, remained quiet and did not try to wriggle free when the same test 
was applied a few minutes after the injection. Sometimes it made brief and 
feeble attempts to free itself. Similarly, a cat which normally reacted to 
petting by purring and pushing its head and sides against the stroking hand 
failed to react partially or completely a few minutes after injection. The 
response appeared again after about 1} hr and was normal after about 3 hr. 
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Reaction to sudden noise. The reaction of a normal cat to a loud crash 
produced by dropping a large piece of aluminium sheet to the stone floor is as 
follows: the cat instantly winces and crouches down, remains fully immobile 
for several seconds and then shows little activity for some time, after which it 
often shows displacement reactions such as washing itself. After the injection 
this arousal became less marked and less enduring, the only effect being an 
attempt at raising the head, and finally even this no longer occurred. However, 
before this condition was reached, in the early stages of the CaCl, effects, the 
initial reaction was sometimes more violent than originally. The cat, instead 
of crouching down and becoming immobile, jerked violently and turned its 
gaze whilst eyes and pupils widened, before subsiding again. 

When the intraventricular injection of 2 mg CaCl, was repeated within 
half an hour, in one cat the respiration stopped 20 min after the second 
injection and the heart beat became very slow. Artificial respiration, by mas- 
saging the thorax, had to be applied for 2-3 min before spontaneous respiration 
started again and the heart rate increased, but the respiratory rate remained 
below 20/min for over 1 hr. 

Doses smaller than 2 mg of CaCl, were still effective. With 0-5 mg CaCl, a 
previously lively cat lay down and showed little spontaneous activity. It 
sometimes assumed the attitude of normal sleep preceded by narrowing of the 
pupils and drooping of the lids, which occurred from time to time whilst there 
was a general sagging of the head. The muscles were relaxed. The cat was easily 
roused but tended to doze off rather than to offer resistance to restraint. The 
injection of 0-5 mg CaCl, produced also an initial period of tachypnoea. 

In some cats the effect of CaCl, was compared with that of an intraven- 
tricular injection of 200g of either adrenaline or noradrenaline, the effects 
of which have been described previously (Feldberg & Sherwood, 1954a). 
There were certain differences in the symptomatology: the respiratory changes 
and the initial stage of ataxia produced by CaCl, did not occur after adrenaline 
or noradrenaline, which sometimes produced retching and vomiting. The 
condition of the cat under adrenaline or noradrenaline differed from that 
under CaCl, by the greater depth and earlier onset of analgesia. Further, 

whereas under adrenaline muscular weakness, inco-ordination and ataxia 
were absent when the cat was in a condition to move, these signs were exhibited 
after CaCl, before the ‘anaesthesia’ developed and as it lightened again. 


4 Effect of potassium 

The effects of intraventricular injections of KCl were short-lasting. After 
0-5 mg they lasted for less than 30 min, after 2-3 mg for about 40 min. 

Immediately after the injection of 0-5 mg KCl the cat showed signs of 

agitation. It i.oved about in the cage with short darting movements which 

were well co-ordinated, and it constantly changed the direction of its gaze. 


4 
4 
; 
q 


414 W. FELDBERG AND S. L. SHERWOOD 


The appearance was one of heightened alertness. Attention was paid im- 
mediately to any slight sound or any movement of the observer. After a few 
minutes the cat often assumed a crouching position, the attitude of a prowling 
or lurking cat. A cat which previously used to toy with a paper ball thrown 
into the cage leapt at it and tore it up. However, when patted it would purr 
and it appeared friendly, showing that there was no basic change in its affect, 
as occurs for instance after small doses of bulbocapnine injected intraven- 
tricularly (Feldberg & Sherwood, 1955). Similarly, one cat which was of a 
timid nature and habitually cringed when approached showed no change in 
this habit after the injection. 

Larger doses of KCl (2-3 mg) produced immediate retching. The cat then 
either crouched down and looked bewildered and frightened, with its whiskers 
pointing forward and its ears erect, or it was seized with tonic contractions 
at times in flexion and at times in torsion, preceded occasionally by circling 
in either direction. During the circling the cat was overcome by a spasm 
which caused it to fall over. The spasm consisted of arching of the back, 
extreme flexion of the limbs and backward rotation of the head over either 
shoulder. The cat maintained the abnormal attitude for a minute or two. 
The spasm was always tonic although there followed occasionally a few 
clonic twitches of the legs on either side but never bilaterally. During the 
spasm the muscles were hard and resisted passive extension, and the tone of 
the muscles remained raised after the spasm itself had passed. Later there 
were waves of fine tremor. When the cat was lifted by the scruff of its neck 
its hind legs extended abruptly instead of being drawn up as under normal 
conditions. One cat immediately after the injection of 3 mg KCl started to 
miaow hoarsely a few times, made a few circling movements and then scratched 
itself with the vigour of an uncontrollable paroxysm. 

During the spells of spasm it was impossible to obtain accurate information 
of the cat’s state of awareness. If awareness was abolished at all it could 
only have been for a very short period. Once the spasms had passed the cat’s 
reaction to noises, patting or passive alteration of its posture was diminished, 
indicating that awareness at this stage was only partly impaired. 

At the initial stages of the KCl effect there was sometimes a transient slight 
protrusion of the nictitating membranes and a dilatation of the vessels of the 
external ears. During the spasm the pupils were widely dilated. 


DISCUSSION 
The differences between the effects we obtained and those described by 
Marinesco et al. (1929) with intraventricular injections of CaCl, and KCl are 
probably explained by the difference in injection technique and by the com- 
_ plication of an immediately preceding ether anaesthesia in their experiments. 
They made the injections through a fresh puncture, and diffusion of the salts 
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across the area of the injury, and mechanical brain injury produced during 
the injection cannot be excluded by their method. Marinesco et al. state that 
CaCl, produces sleep after a latency of about 1 hr. In our experiments the 
condition produced by intraventricular injections of CaCl, resembles more a 
condition of anaesthesia and occurs early after the injection. Once the animal 
is motionless and no longer reacts to stimuli it is impossible to state anything 
beyond whether or not the cat can be roused, but the way the cat goes into 
this state after an injection of CaCl, shows a striking similarity to the early 
effects of pentobarbitone sodium. 

In the previous experiments the effect of adrenaline and noradrenaline was 
compared with that of pentobarbitone sodium given intraperitoneally. It was 
now found that there is a closer similarity in the way the cat goes under after 
pentobarbitone sodium with the early stages of CaCl,, since with adrenaline 
and noradrenaline, neither weakness, ataxia, nor inco-ordination were present. 
On the other hand, the initial transient tachypnoea and bradycardia obtained 
with CaCl, were also observed by Reitter (1957) in his recent experiments in 
which he produced in dogs, by intracisternal injections of adrenaline, anaes- 
thesia deep enough for him to perform surgical operations. 

The effects of intraventricular injections of CaCl,, adrenaline and nor- 
adrenaline bring to mind the experiments of Hess (1944) in producing sleep 
on stimulation of the massa intermedia, in producing adynamia by stimulation 
of the lower and central parts of the hypothalamus and in producing atonia 
by stimulation of the lateral part of the hypothalamic regions, all of which 
can be looked upon as being part of the wall of the third ventricle. The effects 
of intraventricular injection suggest that sleep, anaesthesia and analgesia 
may be mediated through different although related neurological systems 
which are located close to the ventricular cavities. 

The finding that the excitatory action of KCl, in comparison with that of 
tubocurarine, is shorter and slighter, may be due to the fact that the KCl 
diffuses rapidly, not only through the c.s.f. spaces but also through the adjacent 
tissues, or because tubocurarine forms a more stable attachment with the 
receptors of the affected cells than does KCl. 


SUMMARY 


1. The effects of calcium chloride and of potassium chloride injected into 
the cerebral ventricles were studied in unanaesthetized unrestrained cats. 

2. The injection of calcium chloride (2 mg) produces initially a short period 
of tachypnoea, muscular weakness and ataxia followed by bradypnoea and 
an anaesthesia-like condition lasting for about 1} hr while the cat does not 
react to stimuli, including pain. 

3. Apart from the initial tachypnoea no distinction can be made between 
this condition and the anaesthesia produced by intraperitoneal pentobarbitone 
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sodium, but the calcium chloride effect differs from that of intraventricular 
adrenaline or noradrenaline which is not associated with muscular weakness 
and inco-ordination but shows more pronounced analgesia before the full 
anaesthesia supervenes. 

4. The injection of potassium chloride increases alertness and accelerates 
movements and in larger doses (2-3 mg) produces tonic seizures of short 
duration with or without a few localized clonic spasms; there follows a period 
of increased muscular tone. The observable effects last for 20-40 min. 

5. The seizures produced by KCl differ from those produced by intraven- 
tricular tubocurarine by being mainly tonic and not fully generalized and in 
that awareness, if influenced at all, is only transiently and incompletely 
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THE COURSE OF THE EFFERENT CARDIAC NERVES 
OF THE SHEEP* 


By G. M. H. WAITES 


From the A.R.C. Institute of Animal Physiology, 
Babraham, Cambridge 


(Received 11 July 1957) 


The purpose of the work to be discussed was to trace the main routes followed 
by the efferent nerves to the heart in the sheep. Since the thoracic autonomic 
nervous system of this species is nowhere described in detail, illustrations of 
some dissections will be presented so that sites of stimulation referred to in the 
text may be more precisely indicated. 


METHODS 


Three Dorset Horn, twelve Clun Forest and twenty-six Welsh Mountain sheep of both sexes were 
used. Their ages ranged from 1 month to 4 years and their weights from 14-3 to 76-1 kg. Four 
sheep were anaesthetized with a mixture of chloralose (Hopkins and Williams, 17-0-59-0 mg/kg 
body weight) and urethane (May and Baker, 170-590 mg/kg) intravenously; during the experi- 
ment anaesthesia was maintained by intravenous infusion of 2-60-7-86 mg of chloralose and 
26-0-78-6 mg of urethane/kg/hr. Except for one sheep which was anaesthetized throughout with 
intravenous pentobarbital (Nembutal, Abbott Laboratories), the remainder, after induction with 
pentobarbital (16-0—36-4 mg/kg), were anaesthetized by continuous intratracheal cyclopropane 
(10-150 ml./min) with oxygen (50-300 ml./min) administered from a Boyle’s apparatus in a 
closed circuit with soda-lime for CO, absorption. In most of the experiments an intravenous 
transfusion of either plasma substitute or homologous blood (50-200 ml./hr) was maintained 
throughout. 

The cervical sympathetic and vagal nerves were first isolated and prepared for subsequent 
stimulation or dividing, after which one of three surgical procedures was followed : (1) The thoracic 
vagal trunks and their connexions were exposed by splitting the sternum along the mid line 
in eight experiments; or (2) parts of the thoracic sympathetic chains and their branches in 
twenty-five other experiments were exposed by resecting two to nine ribs on one side or both, 
either by a dorsal approach through the muscular attachments of the scapula or ventrally by 
dissection of the pectoral muscles; or (3) laminectomy of the seventh cervical to the eighth 
thoracic vertebrae was performed in five further experiments. 

These last experiments were performed because the rami communicantes of the middle and 
upper thoracic sympathetic ganglia are very short and inaccessible, and it was impossible to 
stimulate them without danger of current spread to the ganglia themselves (see Fig. 1). When 
exposed the spinal cord was covered with warm liquid paraffin, and moist silk ligatures were 


* Part of the work presented as a dissertation for a Ph.D. degree to the University of Cambridge. 
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V. 1-4—cardiac branches of thoracic vagal trunk. 
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passed under the spinal roots at points where these emerge from the dura mater. The spinal roots 
were then ligated and divided nearer to the spinal cord after 15 mg tubocurarine chloride 
(Burroughs Wellcome) had been given intravenously in three of the experiments (50-52, Fig. 5). 

Throughout the experiments blood pressure was recorded by either a mercury or a rubber 
membrane manometer connected to a common carotid, brachial or femoral artery, and heart 
rate was measured by a cardiometer connected to a piston recorder, a rubber membrane 
manometer, or @ differential manometer (Daly & Schweitzer, 1950) which actuated a drop timer 
(Gaddum & Kwiatkowski, 1938) recording on the kymograph. When the thorax was opened 
artificial respiration was carried out by a modified Starling ‘Ideal’ pump. The peripheral 
nerves were stimulated with square-wave pulses of 1-10 V, 1-10 msec and 10-100 c/s; and the 
spinal roots were tested using stimuli of 3-20 V, 1-10 msec, 10-50 c/s, because of the thickness 
of the nerve trunks. Stimulations were monitored on occasions by an oscilloscope. An induction coil 
was also used to stimulate nerves, but was usually only applied when responses had been negative. 
The absence of a cardio-accelerator response was not considered to be significant when the heart 
rate was already high before stimulation. The average pre-stimulation heart rate of all such 
negative results was 100 beats/min (s.pD. + 9-7). The positive accelerator responses were obtained 
when the average pre-stimulation heart rate was 109 beats/min (s.p. + 10-4). 

The following drugs were used: atropine or atropine sulphate (British Drug Houses), nicotine 
hydrogen tartrate (British Drug Houses) and hexamethonium chloride (May and Baker, Ltd.) 
dissolved in sodium chloride solution 0-9% (w/v). 

immediately after death. 
RESULTS 


The pathways to be described were followed by observing the cardiovascular 
responses to electrical stimulation, after reflex effects on the heart had been 
excluded by dividing the cervical vagosympathetic trunks and the rami com- 
municantes in that part of the thoracic sympathetic chains under investi- 
gation. Whenever possible the site of stimulation given in the text will be 
referred to in an anatomical illustration to indicate its position more clearly. 


The cervical and thoracic course of the cardio-inhibitor fibres in the vagus 

The cervical vagus nerve crosses the dorsal face of the superior cervical 
ganglion to join the cervical sympathetic trunk with which it becomes bound 
in the same sheath. Although the two bundles of the vagosympathetic trunk 
exchange small nerves they can usually be separated by blunt dissection. | 

Stimulation of the caudal cut end of the larger nerve dissected from the 
cervical vagosympathetic trunks always caused cardiac slowing accompanied 
by a fall of blood pressure. In five out of ten preparations complete cardiac 
arrest was achieved by maximal stimulation of the right vagal trunk and in 
two out of ten of the left nerve. Very occasionally cardio-inhibitor fibres were 
found in the cervical sympathetic nerve, but usually these were present only in 
the larger nerve, identified as the vagus. The right cervical vagus contained 
cardio-accelerator fibres at its caudal end in only two out of twelve experiments. 
Except in these instances, the vagus and sympathetic appeared to be quite 


separate. 
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Dividing the cervical vagal trunks either alone or together with the sym- 
pathetic nerves in anaesthetized preparations did not produce the cardio- 
acceleration and rise of arterial blood pressure which is generally seen in some 
other species. A transient fall of blood pressure and slowing of the heart rate 
due to stimulation produced by cutting the nerve was usually observed and in 
most of the experiments was the only response, there being a subsequent 
return to the pre-vagotomy level. A small cardio-accelerator effect (average 
+17°%) was maintained after section in only seven of the twenty experiments. 


Fig. 2. The origin and course of the cardiac branches of the upper thoracic vagal trunk and the 
upper thoracic sympathetic chain on the right in a new-born lamb. Parts of the major veins 
have been omitted. Abbreviations: as for Fig. 1. Also, Rec.lar.n. = recurrent laryngeal nerve. 


On the other hand, the intravenous injection of atropine sulphate (0-5- 
2-0 mg/kg) sufficient to inhibit the cardio-inhibitory fibres caused a sub- 
stantial cardio-acceleration (+44°%) in five preparations with intact cervical 
vagosympathetic trunks but had no constant cardiac effect in eight prepara- 
tions in which the vagosympathetic trunks were previously divided. Therefore 
the only evidence for the presence of cardiac vagal tone in these anaesthetized 
sheep was this response to atropine. | 

The right vagal trunk within the thorax gives off most of its cardiac 
branches (V.1-V.4, Figs. 1-3) in its upper course; the first (V.1) also sends 
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nerves on to the subclavian and brachiocephalic arteries, the arch of the aorta 
and the superior vena cava. Cardio-inhibitory fibres could be demonstrated 
in all these branches but the responses indicated that they were present in the 
largest numbers in the branches beyond the origin of the recurrent laryngeal; 
sometimes this also contained some of the inhibitory fibres. The majority of 
all such fibres were found to leave the vagal trunk above the level of the right 
azygos vein. 
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Fig. 3. The origin and course of the cardiac branches of the upper thoracic vagal trunk and the 
upper thoracic sympathetic chain on the right in a new-born lamb. Parts of the major veins 
have been omitted. Abbreviations as for Figs. 1 and 2. Also, 8.1 =main cardiac branch of 
stellate ganglion. 


On the left side the thoracic vagus takes a somewhat similar course to that 
of the right. Stimulation of the left recurrent laryngeal nerve usually caused 
marked inhibition of the heart and this nerve together with large vagal 
branches beyond it (V.2—V.4, Fig. 4) contained most of the inhibitory fibres 
of the left vagal trunk. Because of intermingling with nerves from the left 
sympathetic chain (Fig. 4) mixed inhibitory and accelerator responses were 
often observed on stimulating vagal branches at the base of the heart. 
Except for one out of four experiments, the first thoracic vagal branch 
(V.1, Fig. 10) did not contain cardio-inhibitory fibres. Its branches were 
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rather than to the heart itself. As on the right, the majority of the cardio- 

inhibitory fibres had left the vagal trunk before it reached the level of the 

azygos vein. ) 
The course of the cardio-accelerator fibres 


The thoracic spinal outflow. In order to determine the limits of the cardio- 
aecelerator outflow from the spinal cord, the spinal roots were exposed and 
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Fig. 4. The origin and intermingling of the cardiac branches of the left thoracic vagus and thoracic 
sympathetic nerves of a foetal lamb. Parts of the major vessels have been omitted. 
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Fig. 5. The accelerator response of the heart to stimulation of some mixed spinal roots in five 

sheep. The arrows in the diagram indicate the roots from which accelerator responses were 
| obtained and the direction of stimulation. The columns show the percentage heart rate 
increase above the pre-stimulation rate. The length of each ordinate indicates the number of 
roots tested in each experiment. Expts. 50-52 were curarized (15 mg tubocurarine chloride 
1.v.); 47 and 49 were not. * For recordings, see Fig. 6. Stimulation parameters; 3-20 V, 
1-10 msec, 50 o/s for 15-30 sec. 
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Fig. 6. Sheep, ¢, 29-0 kg; cyclopropane. The cardiovascular responses to stimulation of the upper 
thoracic spinal roots and three interganglionic segments of the right thoracic sympathetic 
chain. The diagram shows the sites of stimulation and on it are given the percentage heart 
rate changes obtained in response to stimulation. Heart rate (upper trace) and blood 

sic pressure (lower trace) recorded by differential and mercury manometers respectively. 

Stimulation parameters: 10-20 V, 1 msec, 50 c/s for 15-30 sec. 
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stimulated in five experiments and the results are shown in Fig. 5. Cardio- 
accelerator fibres were constantly found in the upper thoracic roots on the 
right in all five of the animals examined. They were most numerous in the 
roots of T3 and T4, less so in those of T2 and T5 and were present only in 
small numbers in T1 and T6 of some animals (Fig. 6). When present in the 
outflow of both sides of the thoracic spinal cord, they were apparently more 
numerous on the right. 

Cardio-accelerator fibres were found in the spinal outflow of the left side in 
only two out of five animals. In one of these (Fig. 6) they were restricted to 
roots T3-T5, although at the same level in the left thoracic sympathetic 
chain the ganglia were often large with substantial branches crossing to the 
cardiac plexuses (see Figs. 4, 10), a point which will be referred to later. 

Tubocurarine chloride was injected in the last three laminectomized pre- 
parations (50-52, Fig. 5) to prevent movements of the forelimbs and lower 
cervical and upper thoracic muscles, which occurred in the first. two experi- 
ments during stimulation of the roots. Such movements were only marked 
when the last cervical and first thoracic roots were being stimulated. The 
majority of cardiac responses demonstrated in these experiments could not 
have been affected by such movements. 

Pathways within the right thoracic sympathetic chain. Cardio-accelerator 
fibres could always be demonstrated in the right sympathetic chain. Their 
course within the thorax was studied in eight sheep as follows. First the 
cervical connexions of the chain were cut; then a test stimulus was applied to 
the chain to determine the most caudal point at which a cardiac response 
could be elicited. The chain was then cut just below this point and the spinal 
connexions with the length of chain above this point were divided; finally each 
interganglionic segment of the isolated portion of the chain was stimulated. 
In this way it was ensured that responses to stimulation were due only to 
efferent fibres acting directly on the heart and not to afferent fibres acting 
reflexly. When following ascending fibres in the chain the stimulations were 
carried out from below upwards, but in the opposite direction when descending 
fibres were being traced. 

As indicated in Fig. 7, cardio-accelerator fibres were present in all segments 
of the right sympathetic chain as far back as T'7 in the sheep examined; and 
in one animal they were even found between T10 and T1l. As already 
mentioned, cardio-accelerator fibres were only present in the spinal outflow 
between T1 and T6. Therefore those present in the chain below this level 
must have descended from the upper thoracic outflow, and presumably turn 
back within the chain in order to reach the heart. In four experiments both 
the outflow of accelerator fibres in the spinal roots and their distribution with- 
in the right chain were examined in the same animal. In all four accelerator 
responses were obtained from a much lower level in the chain than in the roots 
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Fig. 7 The accelerator responses of the heart to stimulation between ganglia of the thoracic 
sympathetic chains isolated from the central nervous system in twelve sheep. The arrows in 
the diagram indicate the part of the chain stimulated and the direction of stimulation. The 
columns show the percentage heart rate increase above the pre-stimulation rate. The length 
of each ordinate indicates the length of chain isolated in each experiment. *{ For recordings, 
see Figs. 6 and 8 respectively. Stimulation parameters: 1-10 V, 1-10 msec, 50-100 c/s for 
10-30 sec. 
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Fig. 8. Sheep, 9, 37-4 kg; cyclopropane. The cardiovascular responses to stimulation of each 
interganglionic length of the middle and upper part of the right thoracic sympathetic chain 
(the rami communicantes of the chain and the cervical vagosympathetic trunks were 
previously divided). Heart rate (upper trace) and blood pressure (lower trace) recorded by 
differential and rubber membrane manometers respectively ; diagram below to show sites of 
stimulation. Stimulation parameters: 2-5 V, 1 msec, 100 o/s for 10-20 sec. 
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(compare Expts. 49-52, Figs. 5, 7; see also Fig. 6). The results of these four 
experiments were therefore in agreement with the remainder in which the 
spinal outflow and the further thoracic course of these fibres had been studied 
separately (compare Figs. 5, 7; see also Fig. 8). 

Relay stations of the right cardio-accelerator nerves were located by stimu- 
lating parts of the chain before and after the application of nicotine to ganglia 
lying between the point of stimulation and the heart. The nicotine solution 
(1-2 °4) was either dropped on to the surface of the ganglion or injected under 
its connective tissue capsule with a very fine hypodermic needle. In three of 
seven experiments, nicotine applied in either of these ways to the stellate 
ganglion completely abolished the cardio-accelerator response to stimulation 
of the cranial end of the chain divided immediately below the ganglion (the 
initial stimulating action of nicotine on the ganglion cells was not always 
demonstrable). The stellate ganglion was not the only relay station. In four 
experiments it was found that residual responses (average heart rate increase 
of 45%) remained after nicotine had been repeatedly applied to the stellate. 
In one such preparation this response was not abolished by intravenous 
injections of hexamethonium (6 mg/kg) and evidently therefore the fibres 
being stimulated were post-ganglionic. Whether they were also post-ganglionic 
in the other three experiments was not determined. 

The second thoracic ganglion, like the stellate, has also been found to be a 
relay station both for ascending and for descending preganglionic fibres. The 
stellate and second ganglia were the only ganglia examined for relay points. 
It seems likely that ganglia T3 and T4 also contain relay points because 
branches which leave these ganglia to cross directly to the heart contain cardio- 
accelerator fibres. It seems probable therefore that these branches have their 
cells of origin in the ganglia from which they emerge, since that arrangement 
holds good for the fibres emerging from the stellate and second ganglia. 

The cardio-accelerator fibres leave the chain in a number of branches arising 
from the portion above the fourth ganglion. As already mentioned, there are 
some in branches which cross directly from ganglia T2 to T4. In addition 
numerous branches from the stellate and ansa subclavia are present (see 
Figs. 1-3) and are the route by which the recurrent cardio-accelerator fibres 
of the right cervical sympathetic nerve reach the heart (Waites, 1957). 
Usually the largest of these branches was one from the upper pole of the 
stellate ganglion (S.1 in Fig. 3). There was considerable intermingling of 
cardio-accelerator fibres from the sympathetic chain with the right thoracic 
vagus in its upper course (Figs. 1, 2). Cardio-accelerator fibres in branches 
which also contained vagal cardio-inhibitory fibres were detected by stimu- 
lation after administration of atropine. In this way accelerator fibres were 
frequently demonstrated in the vagal trunk and also in some of the large vagal 
branches arising just beyond the recurrent laryngeal nerve. 
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Pathways within the left sympathetic chain. The pattern of cardiac innervation 
from the left sympathetic chain was very different from that of the right. In 
contrast to the right chain, cardio-accelerator fibres were sometimes absent 
from the left (see Figs. 5, 7) and, in fact, they were only found to be present 
in eight out of twelve sheep examined. Their course within the thorax was 
determined by the procedures used for the other side. 


Heart 
rate/min 


od B.P. (mm Hg) 


Fig. 9. Sheep, ¢, 26-2 kg; cyclopropane. The cardiovascular responses elicited by stimulation of 
the cranial and caudal cut ends of interganglionic parts of the left thoracic sympathetic 
chain (the central connexions of which were previously sectioned). Heart rate (upper trace) 
and blood pressure (lower trace) recorded by differential and mercury manometers respec- 
tively; diagram below to show sites and direction of stimulation and where the chain was 
divided at the time of stimulation. Stimulation parameters: 2-3 V, 10 msec, 50 c/s for 
15-20 sec. A, chain above intact; B, chain cut below T4; C, chain cut above T4; D, chain 
cut below T5. 


It was observed that cardio-accelerator fibres are not present over so great 
a length of this chain as on the right, although they may be found in the chain 
below the fifth thoracic ganglion (Fig. 9). On examination these were found to 
be ascending fibres. Since in other experiments, already mentioned, it had 
been found that no cardio-accelerator fibres enter the left chain from the spinal 
cord below root T5 (Fig. 5), the conclusion drawn was that these fibres must 
be recurrent. In this respect therefore the course of the left cardio-accelerator 
fibres resembles that of the right fibres. 

A further difference between the two sides is that on the left descending 
cardio-accelerator fibres were found in all the segments between the second 
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and the fifth thoracic ganglia (on the right they were only found between the 
stellate and T2). Thus, within the left chain between ganglia T2 and T5 there 
were both ascending and descending cardiac fibres (Fig. 9). An anatomical 
difference exists between the right and left chain in that the branches from 
ganglia T3~T6 which supply the thoracic viscera are much larger on the left 
(Figs. 4, 10) than those seen on the right (Figs. 1-3). It was found that the 
size of these branches on the left was no indication of whether or not they 
contained cardio-accelerator fibres, for these were sometimes absent. 


Dorsal 


Fig. 10. The origin and course of the cardiac branches of the thoracic vagus and thoracic sympatheti 


chain on the leftin a new-born lamb (shown alsoin Fig. 2). Parts of the major vessels have been 
omitted. The superior intercostal vein usually drained into the costo-cervico-vertebral vein. 


In contrast with the findings on the right side, no cardiac-accelerator fibres 
have been found to enter the left cervical sympathetic nerve (Waites, 1957). 
All the accelerator outflow from the left chain is carried in branches given off 
to the thoracic viscera by the stellate ganglion (usually slender branches) and 
by ganglia T3-T5 (usually thicker branches). As on the right, however, these 
branches mingle with the thoracic vagus before reaching the heart. Cardio- 
accelerator responses were therefore sometimes obtained from the upper par‘ 
of the vagus and more frequently from vagal branches arising just caudal to 
the origin of the recurrent laryngeal nerve. 
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Relay stations for the left cardio-accelerator nerves were found in the stellate 
and the thoracic ganglia T3~-T5. The effects of application of nicotine to the 
ganglion T4 on the response to stimulation of the left thoracic sympathetic 
chain are shown in Fig. 11. The majority of fibres appeared to relay in this 
ganglion and also in the stellate ganglion. All ascending fibres which passed 


© bronchus 
To heart 


Fig. 11. Sheep, 2, 42-5 kg; cyclopropane. The effect of the application of nicotine to the fourth 
thoracic ganglion on the cardiovascular responses to stimulation of the left thoracic sympa- 
thetic chain above this ganglion. Heart rate (upper trace) and blood pressure (lower trace) 
recorded by differential and mercury manometers respectively; diagram below to show sites 
of stimulation. N, application of 1 and 2% nicotine hydrogen tartrate to the fourth thoracic 
ganglion. Stimulation parameters: 2-4 V, 1 msec, 100 c/s for 20-25 sec. 


through the stellate ganglion on their way to the heart relayed at this point. 
This affords another contrast with the right side in which some post-ganglionic 
accelerator fibres passed thr. zh the stellate ganglion. Both ascending and 
descending fibres of the chain were found to relay in the other ganglia 
examined, their post-ganglionic fibres crossed directly to the heart in branches 
from the chain. The results which have been described here are summarized in 
Fig. 12. 
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Fig. 12. Diagram to summarize the pathways of the efferent cardiac fibres of the sheep found in 
this investigation. Abbreviations: see figs. 1,2. Also: R.A., R.V., L.A., L.V. =right auricle 
and ventricle and left auricle and ventricle. —_> =sympathetic accelerator fibre pathways; 
- ++ ->=parasympathetic inhibitor fibre pathways; © =relay sites. 
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DISCUSSION 


The main cervical and thoracic pathways carrying the cardiac fibres of sheep 
have been mapped out by electrical stimulation in anaesthetized preparations. 
The inhibitor fibres have been shown to follow much the same course as in 
other species, but the accelerator fibres follow routes to the heart which have 
not hitherto been described (Fig. 12). Cardio-accelerator fibres originating 
from the spinal cord in the first five or six ventral roots ascend into the right 
cervical sympathetic nerve before returning to the heart. Furthermore, 
cardio-accelerator fibres arising from the same ventral roots turn down into 
the lower part of both thoracic sympathetic chains, loop and then ascend in 
the chain before reaching the heart. On the right side these recurrent cardiac 
fibres must be of considerable length since they are sometimes found as far 
caudal as the tenth thoracic ganglion. 

It is difficult: to suggest why the peripheral course of the accelerator fibres 
should be so circuitous. It has been observed (Waites, 1957) that the upper 
level which these recurrent fibres reach in the right cervical sympathetic nerve 
is always caudal to the upper portion of the middle cervical ganglion (middle 
cervical ganglion A, Fig. 12); their growth may therefore be related to factors 
determining the occurrence and position of this ganglion. The problem has 
also been considered in embryological terms, but so far all attempts to explain 
it appear to be inadequate (J. D. Boyd, personal communication). 

It has been shown that more profound changes of heart rate occur when the 
ventral roots and the thoracic sympathetic chain on the right as opposed to 
the left are stimulated. Indeed, cardio-accelerator fibres are sometimes absent 
from the left roots and chain. There is therefore a numerical as well as a topo- 
graphical difference between the accelerator fibres of the two sides. Moreover, 
a difference in the synaptic sites of preganglionic neurones has been observed 
between the two sides. The majority in the right chain ascend to form synapses 
in the stellate ganglion, their post-ganglionics crossing from the upper part of 
the chain. This is in agreement with Goodall (1951) and Goodall & Kirshner 
(1956), who suggested from pharmacological evidence that the right sym- 
pathetic ganglia from the stellate to the fifth thoracic contained most of the 
relay points for sympathetic cardiac fibres in the sheep. On the left, however, 
it has been found that the preganglionic fibres, when present, either ascend to 
form synapses in the stellate or descend to cell stations in the third to the fifth 
thoracic ganglia. As a consequence the post-ganglionics are found in the 
ventral limb of the ansa subclavia, the usually slender branches of the stellate, 
and the more substantial b:ar.ches of the third to the fifth thoracic ganglia. 

_Toneseu, Teitel-Bernard, Iliescu & Enachescu (1928) have shown that the 
left thoracic cardiac nerves of the calf contain accelerator fibres and there is 
also abundant evidence from non-ruminant species that accelerator pathways 
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cross to the heart from the upper thoracic ganglia (White, Garrey & Atkins, 
1933; Chapman, Kinsey, Chapman & Smithwick, 1948). A number of authors 
have suggested from experiments on dogs that amplification of ventricular 
contraction might be the predominant function of the left thoracic cardiac 
nerves (Fogelson, 1929; Saccomanno, Utterback & Klemme, 1947; Randall & 
Rohse, 1956). It is here apparent that apart from branches which pass to the 
oesophagus and lung, the nerves which form a plexus around the left azygos 
vein mainly innervate the ventricular muscle rather than the sino-auricular or 
auriculo-ventricular nodal regions (Figs. 4, 10). Although no attempts have 
been made to demonstrate cardio-augmentor activity in the sheep, it might be 
that the sympathetic cardiac fibres on the left are mostly inotropic to the 
ventricular muscle rather than chronotropic to the nodal tissue. 

Although fibres which accelerate the heart have been observed in the 
cervical and thoracic vagosympathetic trunks of several mammalian species 
after prior vagal degenerative section high in the neck and after the ad- 
ministration of atropine, there has been some controversy about the origin 
of such nerves (reviewed by McDowall, 1956). The evidence from experiments 
on sheep leaves no doubt that cardio-accelerator fibres occurring in the right 
cervical vagus nerve and in the upper course of both thoracic vagal trunks 
originate from the thoracic sympathetic outflow and are not descending from 
more cranial segments. This conforms with the classical concept of the 
thoracico-lumbar sympathetic outflow of the autonomic nervous system 
formulated by Gaskell (1916) and Langley (1921). The intermingling of 
sympathetic with vagal fibres at the upper thoracic level means therefore that 
the nerves of the cardiac plexuses contain fibres of both types, a feature em- 
phasized by Lim Boon Keng (1893) in a study of the cardiac nerves of the dog. 

In these experiments the presence of cardiac fibres has depended upon the 
demonstration of changes in heart rate on electrical stimulation of nerves and 


the magnitude of such changes. As previously emphasized by Cannon & Lewis _ 


(1927) any such effect may depend upon the pre-stimulation heart rate, which 
in turn is partially determined by artificially imposed factors such as anaes- 
thesia and surgical shock. It has to be remembered therefore that negative 
results do not necessarily mean that cardiac fibres are absent from a given 
nerve. The pre-stimulation heart rate may already be so high that a small fibre 
component when stimulated is unable to accelerate it further. All negative 
responses to stimulation have been evaluated with these considerations in 
mind and precautions have been taken to avoid or reduce errors of the kind 
mentioned. However, it remains a possibility that some efferent cardiac nerve 
pathways have escaped detection because of some factor such as anaesthesia. 
In experiments now in progress it is hoped to assess such effects as anaesthesia 
in the responses of the cardiovascular system and in the light of these it may 
be necessary to modify some of the conclusions reached here. 
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SUMMARY 


: 1. Efferent cardiac fibres in the sheep have been traced by measuring 
responses Of the heart to electrical stimulation of the cervical and thoracic 
vagosympathetic nerves. 

2. Cardio-inhibitory fibres descend in both cervical vagal trunks and only 
rarely are any found to join with the cervical sympathetic nerves. They pass 
to the heart from the upper part of the right thoracic vagus and on the left 
from the recurrent laryngeal and from the vagal trunk just below the origin 
of this nerve; the majority leave the vagal trunks above the level of the 
terminal portions of the azygos veins. 

3. Cardio-accelerator fibres are consistently found in the right sympathetic 
| outflow but are present in fewer numbers or are absent from the left. They 
enter the thoracic sympathetic chain through the spinal roots T1-T6 on the 
> right side, and T2~T'5 on the left. On both sides they are found in the chain well 
below these points and there is evidence therefore that they turn back within 
the chain. Other differences in the distribution on the two sides are described. 

I am very grateful to Dr I. de Burgh Daly, F.R.S. for suggesting this work and for his guidance 
and advice. I should also like to thank my colleagues in the Physiology Department of this 


Institute, and particularly Drs Catherine 0. Hebb and J. L. Linzell for valuable discussion. I wish 
| also to thank P. Gibbs and G. H. Jones for technical assistance. 
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It is known that acetylcholine is not the only physiologically active ester of 
choline to occur in nature. Propionylcholine, present in ox spleen, was the 
first such ester to be chemically identified (Banister, Whittaker & Wijesundera, 
1953). Another such ester is urocanylcholine (murexine) (1) discovered by 
Erspamer and co-workers (Erspamer & Dordoni, 1947; Erspamer & Benati, 
1953) in relatively high concentration in the hypobranchial glands of three 
species of Mediterranean whelks of the family Muricidae. 

These glands have attracted the interest of zoologists for many years, for 
they secrete a chromogen which in the presence of light and air is oxidized 
to an intense purple dye, well known to the ancient world as Tyrian purple. 
This chromogen is a sulphur-containing conjugate of 6-bromoindoxyl]; one 
species also contains the unbrominated derivative (Bouchilloux & Roche, 
1955). It was Dubois (1909) who first showed that extracts of these glands, 
besides containing the purple chromogen, were also extremely toxic to both 
warm- and cold-blooded animals, causing muscular paralysis. Vincent & 
Jullien (1938) drew attention to the high acetylcholine equivalence of these 
glands and the possible relationship of this to their toxicity, a connexion which 
was clarified by the discovery of urocanylcholine, which in addition to pos- 
sessing certain properties in common with acetylcholine, is also an effective 
neuromuscular blocking agent (Erspamer, 1953). 
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In the experiments to be described in this paper the sensitive chromato- 
graphic methods developed for the identification of choline esters in biological 
material (Whittaker & Wijesundera, 1952; Gardiner & Whittaker, 1954) 
have been applied to a survey of a number of marine gastropods and other 
species. These methods permit analyses to be made on 1 g or less of tissue in 
contrast to the much larger quantities used by Erspamer & Benati (1953). 
The investigations were begun with four species of Muricidae readily available 
on the American North Atlantic coast. Two other species, Busycon canali- 
culatum and Buccinum undatum, were taken as representative of non-dye- 
secreting families of the same division of predatory gastropods (Rachiglossa) 
as the Muricidae. Venus mercenaria was included as a representative lamelli- 
branch mollusc, Lattorina litorea as a vegetarian, non-predatory gastropod. 
The neuromuscular blocking action of urocanylcholine (Erspamer, 1953; 
Keyl & Whittaker, 1955) suggested that this substance might be a trans- 
mitter at inhibitory nerve endings in crustacean muscle. The ventral cord 
and peripheral axons of the lobster were therefore included in the survey. 

Our results show that the hypobranchia! glands of all Muricidae so far 
examined, when tested on the frog rectus abdominis muscle, have a high 
acetylcholine equivalence; that this is a feature not of the Muricidae alone 
but also of at least one species of a different family of Rachiglossa; and that 
even within the Muricidae there are species variations in the nature of the 
active substance responsible for the high acetylcholine equivalence... In three 
of these species of Muricidae, as in the three other species investigated by 
Erspamer, the high acetylcholine equivalence has proved to be due to uro- 
canylcholine, in the fourth, to the hitherto unknown compound 8, £-dimethy]- 
acrylylcholine (II). 

Our findings emphasize that physiologically active esters of choline have a 
wider significance in nature than is suggested by the classical concept of 
acetylcholine as a transmitter at cholinergic nerve-endings, a conclusion 
already implicit in the wide but sporadic distribution of acetylcholine itself 
in both the plant and animal kingdoms, often in relatively high concentration. 

Parts of this work have formed the subject of preliminary communications 
(Whittaker & Michaelson, 1954; Whittaker, 1955, 1957). 


MATERIALS AND METHODS 
Species investigated 
The species investigated are listed in Table 1, which also indicates their taxonomic relationship. 
Urosalpina cinereus (oyster drill), Busycon canaliculatum (channelled whelk), Venus mercenaria 
(quahog) and Homarus americanus (lobster) were obtained from the Cape Cod region of the U.S.A., 
Thais lapillus (dog whelk), from Cape Cod or Plymouth, England, Buccinum undatum (common 
whelk) and Littorina litorea (periwinkle) from Plymouth and Murex fulvescens and Thais floridana 
foridana (Southern oyster drill) from the North Carolina and Florida coasts. 
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Taiz 1. Acetylcholine equivalence of tissues of species investigated 


Acetylcholine 
No. equivalencet 
specimens (u./g fresh 
Family* Species* Organ pooled tissue) 
Phylum: Mollusca; Class: Gastropoda; Order: Prosobranchiata ; : 
Division: Rachiglossa 
Muricidae — cinereus Whole organism 20 118 
(Say 
Murex fulvescens Viscera less HG 
HG 1 280 
1 480 | 
Thais lapillus (L.) Whole organism 4 a. | 
Organism lows HG 10 13 
H 10 1800 
Thais floridana Viscera less HG 2 1 | 
dana (Conrad) 6 
HG 2 3880 . 
1 4000 | 
Buccinidae Buccinum undatum (L.) Viscera less HG 4 6 
HG 4 270 
Turbinellidae — canaliculatum HG 2 0 
y 
Division: Taenioglossa 
Littorinidae Littorina litorea (L.) Whole organism 7 7 
Class: Pelecypoda; Order: Teleodesmacea 
Veneridae Venus mercenaria (L.) Whole organism l 5§ 
Phylum: Arthropoda; Class: Crustacea; Order: Decapoda 
Homaridae Homarus americanus Ventral nerve cord 4 90 
(Milne-Edwards) Limb nerves 4 46 
HG = Hypobranchial gland. 


* Classification and nomenclature (where given) according to Pratt (1935). 

+ Determined on TCA extracts. 

} For discussion of nomenclature see Butler (1953); also known as Thais haemastoma var. 
floridana (R. T. Abbott, personal communication). 

§ Treatment with alkali (pH 12 for 10 min at 100°) increased activity 2-5 fold. 


Reference materials 

Choline esters. Acetylcholine perchlorate was prepared from commercial acetylcholine chloride 
by the method of Bell & Carr (1947) and twice recrystallized from ethanol. Nicotinoylcholine 
perchlorate was prepared by heating solid nicotinoy! chloride (obtained from the acid and thiony! 
chloride) with solid dry choline perchlorate under boiling toluene until the evolution of HCl was 
complete. The product was twice recrystallized from ethanol. Synthetic urocanylcholine bromide 
was kindly supplied by Dr J. A. Aeschlimann, Hoffman-La Roche Inc., Nutley, N.J., 8-3-indoly!- 
propionylcholine iodide, by Dr A. Cohen, Roche Products Ltd., Welwyn Garden City, Herts, 
and £-4(5)-imidazolylpropionylcholine dipicrate (Pasini, Vercellone & Erspamer, 1956) by Dr C. 
Pasini, Farmatalia 8.A.., Milan. Other choline esters were prepared as the bromides by the method 
of Fourneau & Page (1914) from the corresponding 2-bromoethyl esters which were usually ob- 
tained by refluxing 2-bromoethanol and the appropriate acid in benzene in an apparatus incor- 
ca 
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Other salts of choline esters were converted to the chlorides when necessary by passing them 
through @ column of Deacidite FF (The Permutit Co. Ltd., London, England; - 16 +50 mesh) 
in a suitable solvent, usually 50% (v/v) aqueous acetone. Representative figures for the chromato- 
graphic behaviour and relative biological potency, as measured on the frog rectus abdominis 
muscle preparation for the various esters, are summarized in Table 2. Elution peaks obtained 
with the higher aliphatic esters were broad and varied somewhat from run to run. The high bio- 
logical activity of imidazolylpropionylcholine is noteworthy. 

Other materials, Synthetic homarine was kindly provided by Dr E. Gasteiger and urocanic 
acid by Dr H. Tabor. Harvard plasma fraction [V-6—3 (Surgenor & Ellis, 1954) was part of a 
sample kindly supplied some years ago by Dr D. M. Surgenor; under zero order conditions, 1 yg of 
the preparation hydrolysed 4 umoles acetylcholine/hr in 0-023 bicarbonate buffer at pH 7-4 and 
37° C. Other reagents and solvents were the best commercial grades. 


TaBie 2. Chromatographic and biological characteristics of choline esters 


Retention volume no potency 
r on frog 
Ry in rectus 
(O-1 PO,) (a) (c) = 100) 

>160 0-06 — 0-54 10 

>240 ‘ 0-15 0-37 0-29 300 

>140 10 0-27 0-63 T 0-73 T 

>140 30 0-26 0-60 0-73 14 

>110 2 0-10 0-35 0-58 
40 — 0-10 0-46 0-65 100 
50 -— 0-22 0-57 0-78 160 
60 0-28 0-66 100 
140 — 0-31 0-69 0-78 OF 
150 — 0-36 0-73 0-80 138 
125 _ 0-38 0-78 0-82 38 

>160 2 0-36 0-68 0-79 20 
150 — 0-28 0-71 0-71 1 
90 — 0-20 0-50 0-69 22 
100 —_ 0-35 0-71 0-71 22 
200 a 0-35 0-70 0-71 20 
200 — 0-35 0-70 0-71 20 


a) »-Butanol saturated with water; (b) n-butanol-ethanol-acetic acid—water (8:2:1:3); (c) »-propanol— 


acetic acid (3:1). T = tailing. 
Techniques 

_ Extraction of tissues. The shells were cracked with a hammer (molluscs) or cut away with scis- 
sors after removal of appendages (lobster), the tissues dissected out as rapidly as possible and 
physiologically active substances extracted therefrom with ice-cold 10% trichloroacetic acid 
(TCA) (MacIntosh & Perry, 1950) or acetone. For assay, chromatography or other tests, acetone 
extracts were evaporated to dryness in vacuo and the active material extracted into water or 
0-05 m-NaH,PO,; TCA extracts were extracted with ether to remove TCA and partially evaporated 
under reduced pressure to remove ether. Results with TCA and acetone extraction were in good 
agreement and tests on the residue remaining after acetone extraction showed that this was 
97-99% complete. 

Biological assays were performed, unless otherwise stated, on the frog rectus abdominis muscle 
preparation of Chang & Gaddum (1933) as modified by Feldberg & Hebb (1947). The activity of 
extracts or chromatographic fractions was compared with that of standard solutions of acetyl- 
choline perchlorate, one unit (u.) of activity being defined as that amount of active material giving 
& contraction equal to that produced by 1 n-mole (10~* mole) acetylcholine (=0-18 pg acetyl- 
choline chloride). The activity/g fresh tissue is referred to as the ‘acetylcholine equivalence’ of that 
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tissue. The use of this term must not be taken to imply that the activity is due to acetylcholine 
itself. When the active material is not acetylcholine the bioassay of such material in terms of 
acetylcholine as standard is subject to uncertainties which have been discussed previously 
(Gardiner & Whittaker, 1954). In some experiments the guinea-pig ileum (for details see Banister 
et al. 1958) and Venus heart (Wait, 1943) were used as test organs. Biological potency is expressed 
in percentage units in terms of the relative molar potency, i.e. the number of moles of acetylcholine 
giving a response equivalent to 100 moles of active substance. 

Ultra-violet spectrophotometry. Homarine and urocanylcholine were estimated in chromato. 
graphic fractions from the optical density at their wave-lengths of maximum absorption (A,,,, ) 
of a lem thickness of suitably diluted solution and the molar extinction coefficient (c,,,, ) at 
those wave-lengths. For homarine, A,,,, = 270 mp, €n., x 10° (E. Gasteiger, personal com- 
munication); for urocanylcholine, A,,,, ~285mp at pH4-5, 1°67 10* (Pasini, Vercellone 
& Erspamer, 1952). 

Chromatography. Column chromatography was carried out, unless otherwise stated, on 
12 x 0-6 cm columns of weak acid ion exchange resin (Rohm and Haas Co., Amberlite XE-97) 
buffered to pH 4-35 with 0-1 m-NaH,PO, as described by Gardiner & Whittaker (1954). The 
effluent was collected in 2 ml. fractions by means of an automatic fraction collector at a flow 
rate of 12-20 ml./hr. Elution was performed with up to 240 ml. 0-1 m-NaH,PO, followed by dis- 
placement of more strongly adsorbed cations by 0-1 n-HCl. Chromatographic behaviour is ex- 
pressed as the retention volume, i.e. the volume of eluant required to attain peak concentration 
of the substance being eluted. Displacement peaks were measured from the point at which the 
pH of the effluent started to fall. 

Paper chromatography was carried out by the ascending method on Whatman no. | filter paper 
at 20-22° C as described by Whittaker & Wijesundera (1952). Substances were located on filter 
paper by examination in ultra-violet light, by exposure to iodine vapour, by spraying with Pauly 
(diazotized 1%, wiv, sulphpants acid in butanol followed by sodium carbonate), Ehrlich (2%, 
w/v, p-dimethyl Idehyde in 5% HCl), ninhydrin (0-25%, w/v, in acetone) or Folin— 
Ciocalteu reagents, and by bioassay of the material eluted from successive strips of the chro- 
matogram. Recoveries were usually 75-95%, but occasionally exceeded 100%. Variations are 
attributed to uncertainties in the assays and the possible removal of interfering substances 
during chromatography. Vapour phase chromatography was carried out as described by James & 
Martin (1952). 

Other methods. Esters were estimated by the ferric-hydroxamate method (Hestrin, 1949) at 
520 mp. Choline was estimated by the method of Appleton, La Du, Levy, Steele & Brodie (1953). 
Volatile fatty acids were steam distilled at pH 3 in the presence of sufficient MgSO, to retain 
HCl and were aerated with CO,-free air before and during titration with 0-01 x-NaOH. Bromine 
uptake (iodine value) of unsaturated fatty acids was determined on 1 ml. samples of the fatty acid 
in dry chloroform as described by Trappe (1938). Chloroform solutions of the acids were prepared 
from neutralized and freeze-dried alkaline hydrolysates of the corresponding esters by dissolving 
the hydrolysate in 2-3 drops 30% phosphoric acid and passing through a small column of anhy- 
drous Na,SO, and kieselguhr; the acid was washed through the column with chloroform and the 
washings made up to 3 ml. Microhydrogenation was carried out manometrically in the Warburg 
apparatus using colloidal palladium as catalyst as described by Harrison (1939). 


RESULTS 
Acetylcholine equivalence of tissues 


Table 1 gives the biological activity, as assayed on the frog rectus, of tissues 


of the various species examined. The activity is expressed as acetylcholine 
equivalence as defined in the Methods section. 
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It will be seen that in the four species of Muricidae studied, very high acetyl- 
choline equivalences are attained. In the three species in which the hypo- 
branchial gland was extracted separately it was found that the activity is 
located almost entirely within the gland, the activity of other parts being in 
the range expected for cholinergically innervated tissues. The figures for the 
hypobranchial gland represent minimum values as, owing to the fragile nature 
of the glandular tissue, no attempt was made to free it from the surrounding 
portion of the mantle. The values for the hypobranchial gland of the two species 
of Thats are particularly noteworthy, being higher than those for the cerebral 
ganglion of the octopus (423 u./g) and insect ganglia (190-1100 u./g), cal- 
culated from data given by Prosser (1946). High activity is not, however, 
confined to the Muricidae, for the hypobranchial glands of Buccinum un- 
datum were also highly active. By contrast, the hypobranchial gland of another 
predatory gastropod in the same division (Rachiglossa), Busycon canalicu- 
latum, showed low activity, as did the vegetarian Taenioglossa, Littorina litorea, 
and the lamellibranch, Venus mercenaria, These species were not investigated 
further. As will be shown in the next section, the high acetylcholine equi- 
valences of the hypobranchial glands of Muricidae and Buccinum are not due to 
acetylcholine itself, but to other physiologically active esters of choline. 


Identification of active substances 

Chromatography on columns of buffered ion exchange resin has proved an 
effective method of separating choline esters and other organic bases, particu- 
larly when the bases to be separated differ in the number of positive charges in 
the molecule. Thus, compounds ionizing as zwitter-ions show little affinity 
for the resin and are readily eluted, those ionizing as bivalent cations such as 
urocanylcholine show a high affinity and can only be eluted at low pH’s (e.g. by 
0-1 N-HCl), while univalent cations (e.g. acetylcholine) show an intermediate 
affinity for the resin and may be eluted under less acid conditions (e.g. by 
0-1 n-NaH,PO,). 

Fig. 1 illustrates the degree of separation obtained between the zwitter-ion 
homarine, acetylcholine and urocanylcholine. Homarine is included as a tissue 
base widely distributed in marine arthropods and molluscs. It will be seen 
that homarine emerges in the first few fractions on elution with phosphate. 
Acetylcholine emerges as a well-defined peak with a retention volume of 
about 40 ml. as the elution with phosphate continues, whereas urocanyl- 
choline requires displacement with 0-1N-HCl and emerges as a sharp peak 
when the pH of the effluent has fallen sufficiently, the peak concentration being 


attained in the first acid fraction. 


Similar model experiments have been carried out with a variety of different 
choline esters. The results are summarized in Table 2. The table includes other 
chromatographic properties of these esters and their biological potency on 
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the frog rectus, since for the most part these properties have not previously been: 


compared. It will be seen that the first five esters of this table, i.e. synthetic 

urocanylcholine and four other heterocyclic esters all of which can ionize as 
doubly charged cations in acid solution, resisted elution in 0-1m-NaH,PO, 
and required 0-1 m-HCl for displacement. The remaining esters in Table 2, 
all univalent cations of increasing chain length, can be eluted with phosphate, 
but in general with increasing difficulty as the chain length increases, as 
indicated by the increasing retention volumes. 


0-1 M-NaH,PO wh 
Homarine Urocanyicholine 


0 20 40 80 100 10 
Volume of (mi.) Effluent 
went acid 
Fig. 1. Chromatographic separation of Syrtbeti¢ homarine (44 «moles, 93% recovery), acety!- 


choline (0-015 pre hg ogg 70% recovery) and urocanylcholine (1-8 wmoles, 95 % recovery). 
Acetylcholine was assayed in successive fractions by the frog rectus method, homarine and 
urocanylcholine spectrophot 


lly. 


Results with Murex fulvescens, Urosalpina cinereus and Thais lapillus 

The active ester in these species proved to be urocanylcholine accompanied 
by traces of acetylcholine. In addition chromatography revealed the presence 
of large amounts of homarine and other ultra-violet absorbing substances 
which, however, were biologically inactive in our test systems. The evidence 
for this is summarized, for Murex fulvescens, in Figs. 2 and 4. 

Homarine. Fig. 2a shows the results of chromatographing a hypobranchia! 
extract corresponding to 1-4 g. tissue. On eluting with buffer, two peaks 
(A and B) of intensely ultra-violet absorbing, biologically inactive materia! 
made their appearance. The main peak had an absorption maximum at 270 my 
(Fig. 26), unchanged by variations in pH, and is attributed mainly to homarine. 


rare 


The 
the 
te 
q 
10-2 Fluted with 

4 Acetylcholine 

4 5 0-5 


a? 


CHOLINE ESTERS IN MARINE GASTROPODS 441 


There was also some fluorescent material in these fractions possibly related to 
the chromogenic substances (precursors of Tyrian purple) which are charac- 
teristic constituents of the hypobranchial glands of Muricidae. The ‘homarine 
peak’ was present in the chromatograms of crude tissue extracts of all species 
examined, but the second peak was seen only with extracts of Murex fulvescens. 


Optical density (Eom) at 270 mys @ oF 200m @-@ 


Biological activity +—+4+ 40- 
240 280 320 
= 30- 
3 
= Eluted with a Eluted with 
3 0-1 M-NaH,PO, N-HCI 
20- 
B 
ul 
0 


20 40 @ 80 100 | 
Voliime of effluent (mi.) 
went acid 


Fig. 2. (a) Chromatography of TCA extract (4 ml., corresponding to 1-4 g tissue and containing 
666 u. of activity) of hypobranchial glands of Murex fulvescens. Recovery of biological 
activity (in acid fraction 4), 83%; recovery of ultra-violet absorbing material (buffer fractions 
1-21 and acid fraction 4), 85%. (b) Absorption spectrum of peak ultra-violet absorbing buffer 
fraction (no. 5) (@—@), compared with homarine, (—). 


Confirmation that the main ultra-violet absorbing component in these frac- 
tions was indeed homarine was obtained in experiments with Thais lapillus. 
Two-dimensional paper chromatography of acetone extracts of Thais lapillus 
(Fig. 3) in n-butanol—acetic acid—water (78:5: 17) (Bouchilloux & Roche, 1955) 
followed by 20% (w/v) aqueous KCl, revealed three major and four minor 
ultra-violet absorbing substances and one prominent fluorescent substance. 
Of the three major components, one was identified as homarine, one as uro- 
canylcholine (also identified by column chromatography; see below) and one 
as chromogen. These compounds accounted for 43, 36 and 14% respectively of 
the absorption at 270 my. Thus homarine accounts for nearly 70% of the 
non-murexine absorption of these extracts at this wave-length. Since the 
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chromogen has an absorption maximum at 292 mp, its presence would 
account for the broadening of the ultra-violet absorption peak seen in Fig. 2(b) 
and similar experiments. 

Acetylcholine. Returning to Fig. 2a, towards the end of the second peak. a 
trace of biologically active material made its appearance (peak C). This was 
probably acetylcholine, since a similar peak was obtained in parallel experi- 
ments with Thais lapillus and Urosalpinz cinereus and in these the active 
material was identified as acetylcholine by differential assay. This acetylcholine 


cy" 


0 0-5 10 
Re (20% KCl) 

Fig. 3. Two dimensional chromatogram of acetone extract of Thais lapillus (whole organism 
foot). Continuous rings indicate the position of strong (stippled) or weak (blank) ultra-violet 
quenching spots, the interrupted ring, a fluorescent spot. Identifications: 3, chromogen (con- 
version to Tyrian purple by n-HCl at 100° C); 4, homarine; 5, murexine (chromatographic 
and spectroscopic comparison with authentic specimens; 5 also gave the yellow Pauly reac- 
tion and had the biological activity characteristic of murexine). 


would account for the whole of the low activity found in tissues other than the 
hypobranchial gland. After the appearance of peak C, further prolonged 
elution with phosphate removed no more active or ultra-violet absorbing 
material from the column. 

Urocanylcholine. On changing over to 0-1 N-HCl, a biologically active and 
intensely ultra-violet absorbing material (peak D) made its appearance. This 
was identified as urocanylcholine. As seen in Fig. 4, the ultra-violet absorption 
spectrum coincides with that of authentic urocanylcholine and after treat- 
ment with alkali (100° at pH 12 for 10 min) activity was lost and the spectrum 
shifted to that of urocanic acid. The biological activity of the naturally 
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occurring urocanylcholine agreed to within about 10° with that of a solution 
of synthetic urocanylcholine of equal ultra-violet absorption, but was con- 
sistently slightly higher. This discrepancy may indicate the presence of another 
biologically more active choline ester (see Discussion). 

The presence of urocanylcholine was similarly demonstrated in whole 
Urosalpina cinereus and Thais lapillus and in the hypobranchial glands of the 
latter species. With Thais lapillus, further evidence for the identity of the 
natural product with urocanylcholine was obtained as follows. The same shifts 


1-5 


10 


ex10-* 
© 


230 270 310 
Wave-length (my) 
Fig. 4. Ultra-violet absorption spectrum of active material from Murex fulvescens, ©, and its 
alkaline hydrolysis product, A, at pH 4-5. The lines drawn through the points represent the 
spectrum of urocanylcholine and urocanic acid respectively at this pH. 


os 


| in the absorption spectrum with pH were observed with the natural and syn- 


thetic esters (Fig. 5) and their hydrolysis products. The natural and synthetic 
esters gave the same yellow shade and intensity of Pauly reaction and both 
were hydrolysed by human plasma cholinesterase (Fig. 5) at pH 7-4. 

Table 3 summarizes the results obtained for all three species and gives the 
concentrations of homarine, acetylcholine and urocanylcholine in their tissues. 
It will be seen that urocanylcholine accounts for almost all the acetylcholine- 
like activity of the organisms. Acetylcholine is present only in traces, mainly 
in the non-hypobranchial tissues. These traces may represent the contribution 
of cholinergic nerve fibres. 
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Fig. 5. (a) Ultra-violet absorption spectrum of active material from Thais lapillus (1) in 0-1m 
acetate buffer, pH 4-5, (2) in 0-05m phosphate buffer, pH 7-4, (3) the same after hydrolysis by 
purified human plasma cholinesterase at pH 7-4. For enzymic hydrolysis, 0-1 zmole ester/ 
3 ml. buffer was kept during the night with 20 .g Harvard plasma fraction IV-6-3. There wasno 
detectable hydrolysis under these conditions in the absenceof enzyme. (b) Ultra-violet absorp- 
tion spectrum of synthetic urocanylcholine (1) in 0-1m acetate buffer, pH 4-5, (2) in 0-05 
phosphate buffer, pH 7-4, (3) the same after enzymic hydrolysis under similar conditions to 
(a). The circles show the absorption of an equimolar solution of urocanic acid at the same pH. 


TaB_E 3. Urocanylcholine, acetylcholine and homarine contents of certain Muricidae 
Urocanylcholine* Acetylcholinet Homarine}{ 


Species Organ (mg/g) (ug/g) (mg/g) 
Murex fulvescens Hypobranchial gland 1-4 (100) Trace? 2-0 
Thais lapillus Whole organism 0-2 (95) 0-7 2-6 

Hypobranchial gland 5-3 (100) Trace? _ 
Remainder of organism 0 (0) 2-3§ —_ 
Urosalpinz cinereus Whole organism 0-3 (89) 2-3|| 1-7 


* As chloride, hydrochloride. Calculated from activity of original tissue extract, proportion of 
activity recovered after chromatography in urocanylcholine fractions and molar urocanylcholine : 
acetylcholine activity ratio (=10). Figures in brackets are the percentage of total activity in 
tissue due to urocanylcholine. 

+ As chloride. Calculated from activity of original tissue extract and proportion of activity 
recovered after chromatography in acetylcholine fractions. Identity of ester established by 
differential assay on frog rectus and guinea-pig ileum (§), or Venus heart ((j). 

¢ Calculated from summed optical densities at 270 my of homarine fractions after chroma- 
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Thais floridana extracts 

In this species the active substance was found to be a choline ester distinct 
from acetylcholine, urocanylcholine and other known esters. Fig. 6 shows the 
result of chromatographing a hypobranchial extract of Thais floridana. In this 
experiment the optical densities at both 230 and 270 my, as well as the bio- 
logical activity of successive fractions, were determined. Homarine once 
again emerged from the column in the early fractions along with biologically 
inactive material absorbing at 230 my. However, in contrast to results ob- 
tained with the other species of Muricidae, biological activity now made its 


2 4 6 80 100 120 140 160 180 200 220 240 260 
Volume of effluent (mi.) 


Fig. 6. (a) Chromatography of acetone extract (1-7 ml., corresponding to 1-8 g tissue and con- 
taining 1416 u. of activity) of hypobranchial glands from Thais floridana. Eluant: 0-1m- 
NaH,PO,. Recovery of activity (fractions 30-130), 97%; material absorbing at 270 mu 
(fractions 2-20), 75%. (b) Optical densities of extract before chromatography (curve 0), 
fraction 6 (first peak) (curve A), and fraction 70 (second peak) (curve B). For plotting, the 
optical densities of curve A have been multiplied by 20, those of curve B, by 100. 


appearance during elution with acid phosphate as a broad but well-defined 
peak of material which was associated with absorption at 230 my but not at 
270 mp or longer wave-lengths. A comparison of the spectra of the two peak 
fractions (Fig. 66, curves A and B) with that of the original extract (curve 0) 
showed that homarine, revealed as a constitutent of the original extract by 
the shoulder at 270 my, had been separated from a second, physiologically 
active component with an absorption maximum below 230 my. Elution with 
acid failed to reveal urocanylcholine or any other biologically active substance. 

The new biologically active substance (designated as TF) was readily dis- 
tinguishable from acetyl- and propionylcholine both by its pharmacological 
and chromatographic properties. Thus it failed to cause contractions of 
the guinea-pig ileum in doses, expressed in rectus activity units, at which 
acetyl- and propionylcholine were effective and its action on the frog rectus was 
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potentiated only twofold by eserine compared with a fivefold potentiation 
observed in the same experiment with acetyl- and propionylcholine. Table 2 
shows that the substance also behaved differently from these esters on paper 
chromatography. TF was identified as described in a later section. 


Buccinum extracts 

The active substance in this species has also been found to be a new choline 
ester. Fig. 7 shows the results of chromatographing an extract from the 
hypobranchial glands of B. undatum. It will be noted that the homarine peak 
once again made its appearance in the early fractions; biological activity now 
made its appearance in the position corresponding to acetylcholine. This 
activity was alkali-labile and choline was identified chromatographically in 
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Fig. 7. Chromatography of TCA extract (3 ml., corresponding to 1-1 g tissue and containing 
300 u. of activity) from hypobranchial glands of Buccinum undatum. Eluant: 0-1m-NaH,PO,. 
Recovery of biological activity (rectus) (fractions 8-25), 72%. 


the hydrolysate. However the activity was not acetylcholine, as was evi- 
denced by its inability to cause contractions of the guinea-pig ileum and its 
much higher value (0-78 in n-butanol-ethanol-acetic acid—water (8:2: 1:3)). 
The small amount of ileum activity shown in Fig. 7 was not alkali-labile and not 
atropine-sensitive. It may have been due to a trace of 5-hydroxytryptamine 
(5-HT) or similar substance, as 5-HT has a similar retention volume. Paper 
chromatographic characteristics of the active material in Buccinum extracts 
were similar to TF and in spite of the discrepancy between their retention 
volumes, the two substances may be related. 
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Lobster nervous tissue 

In view of the neuromuscular blocking action of urocanylcholine (Erspamer, 
1953; Keyl & Whittaker, 1955) this substance was considered to be a 
possible transmitter at inhibitory nerve endings in crustacean muscle. Ex- 
tracts were made of lobster nervous tissue; the only choline ester detected in 
both the ventral cord and peripheral axons was acetylcholine. The acetyl- 
choline equivalence of these tissues (Table 1) was similar to that reported by 
Schallek (1945) and the identity of the natural ester with acetylcholine was 
confirmed by column chromatography and differential assay on the frog rectus 
and guinea-pig ileum. It should be noted, however, that the assay method 
(frog rectus) is only one-tenth as sensitive for urocanylcholine as for acetyl- 
choline and small amounts of the former might have remained undetected. 


Identification of active ester from Thais floridana 
Im preliminary experiments, TF was found to be an ester of choline. The 

evidence is as follows: 

(1) activity was lost in 10 min at pH 12 and 100° C; 

(2) choline was identified in the hydrolysate by paper chromatography as a 
spot with the same R, value as authentic choline in four different solvents 
(in »-butanol saturated with water, 0-08; in n-butanol—ethanol-acetic 
acid—water (8:2:1:3), 0-4; in n-propanol-1-0Nn acetic acid (3:1), 0-5; 
in phenol saturated with water, 0-95); 

(3) activity was destroyed by a highly purified human plasma cholinesterase 
preparation, and, very slowly, by bovine red cell cholinesterase (Fig. 8); 

(4) a 1:1 molar correspondence was noted (Table 4) between the ester content 
of purified samples of TF as measured by the ferric hydroxamate method 
and the choline content of equivalent amounts of TF hydrolysate. 


Hydrolysates of TF gave no Pauly or ninhydrin reaction, showing that the 
ester could not be an imidazole or amino acid derivative. Thus it is not his- 
tidinyl- or 4(5)-f-imidazolylpropionylcholine (dihydromurexine), compounds 
which might well occur in an organism closely related to species containing 
urocanylcholine. The chromatographic behaviour of the latter compound also 
differs from that of TF (Table 2). 

On paper chromatography of our first preparations of TF, Ehrlich and Folin— 
Ciocalteu positive material was found to be associated with the biological 
activity. However, quantitative Folin-Ciocalteu estimations on TF eluted 
from the chromatograms showed that this material was present in amounts 
stoichiometrically equivalent to only one-sixth or less of the choline liberated 
on hydrolysis. Furthermore, the choline esters of indole acetic and indole 
propionic acids were found to have column chromatographic (Table 2) and 
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spectral properties distinct from those of TF, For these reasons it was con- 
cluded that the indolic material was an impurity (possibly derived from the pig- 
ment of the hypobranchial gland) and that TF could not be an indole derivative. 


Larger quantities of TF were prepared from acetone extracts of Thais floridana hypobranchial 
glands by precipitation with excess saturated ammonium reineckate in the cold. The precipitate 
was taken up in 50% (v/v) aqueous acetone and reineckate ion replaced by chloride by treatment 
with IRA 400 (Rohm and Haas Co.) or Deacidite FF in the chloride form. The resulting colourless 
solution was freeze-dried and the residue stored at - 15° C. This material contained approximately 
1 zmole ester/zmole choline and had a biological potency 20-25 % of that of acetylcholine on the 
basis of its choline content (Table 4). 
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Fig. 8. Hydrolysis of TF by human plasma ( +) and bovine red-cell (©) cholinesterase. The re- 
action mixture contained, in 2 ml.: 0-5 ul. ‘Cholase’ brand human plasma cholinesterase 
(Cutter Laboratories) or 100 ng bovine red cell cholinesterase (Winthrop Stearns Inc.), 
5 u. TF and 10 wzmoles Na phosphate buffer, pH 7-4. A control tube containing ester but no 
enzyme showed no hydrolysis during the period of the experiment. Manometric determina- 
tions showed that these amounts of enzyme hydrolysed about 100 ,moles of acetylcholine/hr 
under zero order conditions in 0-023 m bicarbonate buffer at pH 7-4 and 37°C, and in a control 


tube with 0-01 umole acetylcholine in place of TF, hydrolysis was complete in less than 10 min. 


Ultra-violet spectroscopy of the purified material showed that the absorp- 
tion band below 230 my had a maximum at 222 my, suggesting that TF is the 
ester of an a, 8-unsaturated fatty acid. Alkaline hydrolysis of TF followed by 
steam distillation of the acidified hydrolysate in the presence of MgSO, gave a 
volatile acid in 24-92% yield (Table 4). This acid (designated as TF-acid) 
had an absorption spectrum (circles, Fig. 96) with a maximum at. 220-222 my 
closely resembling acrylic acid and its derivatives (Ungnade & Ortega, 1951; 
Bueding, 1953), and other «, 8-unsaturated fatty acids. Titration data were 
also consistent with this conclusion. Confirmation of the presence of one 
double bond in the molecule was obtained from determinations of iodine value 
and hydrogen uptake, in which approximately 1 zmole bromine or hydrogen 
was taken up/y-equiv acid (Table 4). Difficulty was experienced in hydro- 
genating TF directly; this was found to be due to the presence in the prepara- 
tion of a catalyst poison, possibly a sulphur compound, since the chromogen 
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in the hypobranchial glands of Muricidae is known to be a sulphur-containing 
6-bromoindoxyl conjugate. The presence of this catalyst poison was evinced 
by the strongly inhibitory effect of our preparations of TF on the hydrogena- 
tion of a synthetic «, B-unsaturated fatty acid ester of choline. Experiments — 
with such esters also showed that on the 1-10 mole scale, the «, 8-unsaturated 
fatty acids are partially destroyed under conditions sufficiently vigorous 
to bring about hydrolysis of their choline esters. This adequately accounts for 
our failure to recover TF-acid quantitatively from TF hydrolysates. 


TaBiz 4. Reactions of TF 


TF used 
conten Ester content uptake*t formed ( +)* or uptake* 
Activity (u.)  (wmoles)  (umoles)  (umoles) used (-) (u-equiv) (umoles) 
250 1-07 1-18 1-18 (100) 
250 1-1 + 1-015 (92) 
1250 5-5 + 2-81 (51) 
930 41 = _ + 3-56 (87) — 
6000 + 18-42 (77) owe 
6-37 + 1-79 (31) 
4-74 + 1-14 (24) — 
aoe — 2-93 2-36 (81 


* As percentage of starting material in brackets. + By TF hydrolysate. 


@) 


210 230 250 270 290 210 230 250 270 290 
Wave-length (mz) 

Fig. 9. Absorption spectra of (2) TF (©) and DMAC ( ); (6) TF-acid (©) and DMA (———). 
The molar extinction coefficients for TF and TF-acid were calculated on the assumption that 
TF is a mono-ester and TF-acid is monobasic. Optical densities were measured in aqueous 
solution at 0-05-0-09 umoles/ml. 
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The volatile fatty acid obtained from the microhydrogenation of TF-acid 
(TFH,-acid) was recovered from the reaction mixture by steam distillation, 
concentrated, and identified as iso-valeric acid by vapour phase chromato- 
graphy (Fig. 10). A mixture of TFH,-acid and iso-valeric acid came off the 
column as a single step showing no trace of separation such as can be seen 
even with two such closely similar acids as 2-methylbutyric and tso-valeric 
acids. Since f, B-dimethylacrylic (senecioic) acid (DMA) is the only a, B-un- 
saturated fatty acid with the same carbon skeleton as tso-valeric acid, it was 
concluded that TF is 8, 8-dimethylacrylylcholine (DMAC) (II). 


n-Valeric 


10 30 50 70 90 
02 06 10 14 18 


Time (min) (upper) or volume of eluting gas (I.) (lower figures) 


Fig. 10. Vapour phase chromatography of 6-73 »-equiv TFH,-acid (curve A) and a mixture of 
approximately 2 wmoles each of a number of volatile fatty acids (curve B). Length of column: 
3-66 m; eluting gas, nitrogen. It will be seen that TFH,-acid has the same retention volume 
as iso-valeric acid. 


Fig. 96 shows the close spectroscopic resemblance between TF-acid and 
DMA. The identity of TF and synthetic DMAC was established as follows. 
Solutions of DMAC and TF having equivalent ester contents and biological 
activity had identical absorption in the range 210-250 my (Fig. 9). (The small 
peak at 270 my in the spectrum of TF is probably due to a trace of homarine.) 
Solutions of DMAC and TF remained biologically equivalent independently of 
dose level and preparation although their dose-response curves often differed 
from that of acetylcholine and their molar potency relative to acetylcholine 
varied somewhat from one preparation to another. They were equally poten- 
tiated by eserine (one-and-a-half- to twofold) but less than acetylcholine (four- 
to fivefold). DMAC had the same retention volume on columns of weak acid 
ion exchange resin as our purest specimens of TF, though it was observed that 
the retention volume of TF was reduced, sometimes considerably, by the 
presence of inactive material in the crude preparations. The R, values of the 
two substances were identical in three solvents (Table 2 and Fig. 11). It was 
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also noted that the ferric hydroxamates derived from DMAC and TF had 
identical absorption spectra with absorption maxima displaced 40 my to- 
wards the red as compared with ferric acethydroxamate. As the curves cross 
at 520 mp no error results in the ester estimations at this wave-length, but 
when an absorptiometer with a green filter is used, TF and DMAC give readings 
which are about 20% higher than that of equimolar acetylcholine. 
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Fig. 11. Distribution of activity after paper chromatography of ca. 100 u. of (a) TF, (6) DMAC 

chlorides. White blocks, results with n-butanol saturated with water as mobile phase; 

black blocks, results with n-butanol-ethanol-acetic acid—water (8:2:1:3) plotted on same 

abscissae. 

DISCUSSION 

The most interesting findings of the present survey are: that a high hypo- 
branchial acetylcholine equivalence is not confined to the Muricidae; that 
even within the Muricidae, there are species variations in the nature of the 
active substance; and that one such active substance is the choline ester of 
dimethylacrylic acid. 

DMA is known to occur in nature and has recently been implicated in the 
biosynthesis of terpenes, rubber and steroids. Its natural occurrence as a 
physiologically active choline ester has not previously been suspected al- 
though related synthetic esters are known to possess physiological activity. 
Thus £-diethylaminoethy] senecioate has been reported to have local anaesthetic 
action (Gilman, Heckert & McCracken, 1928) and the methy] ester of y-crotono- 
betaine has properties similar to acetylcholine (Burgen & Hobbiger, 1949). 

The presence of an active histidine «-deaminase in Thais lapillus (Whittaker, 
unpublished) suggests that the precursors of DMA and urocanic acid may be the 
corresponding «-amino acids, valine and histidine; the occurrence of different 
esters in two such closely related species as Thais floridana and Thais lapillus 
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may be due to differences in the dietary availability of amino acids. Pre- 
liminary attempts to obtain an active choline acylating enzyme system from 
Thais lapillus have been without success. Since pigeon liver was observed to 
activate urocanic acid in the presence of adenosine triphosphate, coenzyme A 
and hydroxylamine as a trapping agent, experiments with snail preparations 
fortified with pigeon liver extracts were carried out, but these were also un- 
successful. It is felt, however, that the failure to demonstrate urocanyl- 
choline synthesis may be due to some technical difficulty analogous to those 
encountered by Taggart & Forster (1950) in the study of oxidative enzymes in 
marine organisms. 

DMAC has not been identified in urocanylcholine-containing species. The 
finding, however, that snail urocanylcholine, isolated by column chromato- 
graphy, was consistently 5-10°% more active than synthetic urocanylcholine 
and had a greater absorption in the far ultra-violet, is consistent with the 
presence of small amounts of a physiologically more active ester with an 
absorption maximum below 230 my such as DMAC or imidazolylpropionyl- 
choline. 

The physiological significance of high concentrations of biologically active 
choline esters in the hypobranchial glands of some species is not understood. 
Erspamer (1953), like Dubois (1906), believes that the gland is a venom gland 
and has suggested that urocanylcholine is used to bring about relaxation of 
the closing muscles of Mytilus and other bivalves which are preyed upon 
by Murex. This is contrary to the accepted account of the feeding habits of 
the Rachiglossa which are supposed to gain access to the soft parts of bivalves 
by means of their long probosces, which are inserted through a hole bored 
through the shell of the prey by their powerful radulae. Thais lapillus has 
been observed to attack Littorina in the laboratory aquarium in this way, and 
there was no indication of paralysis in the latter, which made unsuccessful 
attempts to dislodge its enemy by vigorous swinging movements of its shell. 
The work of Bilbring, Burn & Shelley (1953) on the regulatory action of 
acetylcholine on ciliary movement in the gills of Mytilus suggests an alter- 
native role for choline esters in hypobranchial glands. However, until more is 
known about the pharmacology and distribution of these esters, any theory of 
their action is necessarily tentative. 


SUMMARY 


1. The hypobranchial glands of a number of marine gastropods have been 
examined for the occurrence of physiologically active esters of choline. 

2. Three out of the four species of Muricidae examined contained urocany!- 
choline, identified chromatographically and spectroscopically. 

3. The fourth species, Thais floridana, contained a new ester, identified 
as B, B-dimethylacrylylcholine (senecioylcholine). 
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4. A high acetylcholine equivalence was found in the hypobranchial gland 
of Bucconum undatum, which although a member of the same division (Rachi- 
glossa) as the Muricidae, is not a purple-secreting snail. This activity was not 
due to acetylcholine but the ester responsible for it has not been identified. 

5 The only physiologically active choline ester identified in lobster nervous 
tissue was acetylcholine. 

6. The acetylcholine equivalence of the other species and tissues examined 
was within the range for tissues with cholinergic innervation. 
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VASOMOTOR CONTROL OF THE CUTANEOUS BLOOD 
VESSELS IN THE HUMAN FOREARM 


By 0. G. EDHOLM, R. H. FOX anv R. K. MACPHERSON 


From the Division of Human Physiology, National Institute for Medical 
Research, Hampstead, London, N.W. 3 


(Received 29 July 1957) 


Considerable evidence has recently accumulated to show that the increased 
blood flow in the forearm elicited by body heating is confined to the skin 
vessels (Barcroft, Bock, Hensel & Kitchin, 1955; Edholm, Fox & Macpherson, 
1956; Roddie, Shepherd & Whelan, 1956), so that the usual methods of venous- 
occlusion plethysmography can be used to study the changes which occur in 
the blood flow of the skin of the forearm when the body is heated. In this 
paper results are presented of experiments using these methods which indicate 
that the blood flow in the forearm skin is controlled by a vasodilator mechanism, 
in contrast to the vasoconstrictor release mechanism found in the skin of the 
fingers and hand. They provide, by the use of a direct method for measuring 
blood flow, confirmation of the conclusions arrived at by Grant & Holling 
(1938) based on measurements of skin temperature. 


METHODS 

Subjects. Twelve adult male subjects were used, but the majority of the experiments were 
performed on three subjects whose ages ranged from 33 to 47 years. 

Blood-flow measurements. The method used followed closely that described by Edholm et al. 
(1956). The blood flow in both forearms, supported at the level of the right atrium, was measured 
simultaneously by means of two water-filled venous-occlusion plethysmographs. The subject 
reclined comfortably in a bath. The bath water could be controlled at any desired temperature. 
Except where otherwise stated, the temperature of the plethysmograph was maintained at 
34° C and that of the room at 26°-27° C. Ten in-flow traces, each of 5 sec duration with 10 sec 
intervals, were automatically recorded in 150 sec, and the subject then rested for 150 sec; the 
recording was only interrupted for manipulative procedures. Each value shown in the graphs is 
the mean of the last eight of each ten in-flow traces. 

Nerve block. The cutaneous nerve supply to the forearm was blocked by injecting approximately 
10 ml. of a 2% solution of lignocaine (containing 1:67,000 adrenaline hydrochloride) in a con- 
tinuous subcutaneous ring about 3-4 cm distal to the tip of the olecranon. If anaesthesia of the 
forearm was then found to be incomplete, the unanaesthetized nerves were located by faradic 
stimulation and separately injected. Anaesthesia was considered to be complete when the 
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sensation of light touch was absent from the area enclosed within the plethysmograph. Once 
achieved, complete anaesthesia would persist for at least 2hr. In control experiments the 
lignocaine was replaced by normal saline, with or without adrenaline, and injected in the same 
way. 

Procedure. The following four types of experiments were performed. 

The first was intended to demonstrate the effect of cutaneous nerve block on skin blood flow 
under ‘normal’ or neutral temperature conditions—that is, when the bath and the plethysmo. 
graph were maintained at 34° C. The skin of one forearm was anaesthetized as described and then 
the blood flows in the two arms were measured and compared. A variant of this type of experiment 
was performed in which the blood flow in both forearms was measured for a period of at least 
20 min, and then the skin of one forearm was anaesthetized and the measurements of blood flow 
were repeated in both forearms. Control experiments were performed in which saline and adrena- 
line were used instead of lignocaine and adrenaline. 

The second type was intended to demonstrate the effect of cutaneous nerve block on the vaso- 
dilatation in the skin which accompanies body heating. In these experiments the skin of one arm 
was anaesthetized as before and the blood flow in both arms measured while the bath temperature 
was maintained at 34° C. The temperature of the bath was then raised so as to produce an oral 
temperature of 38° C and thereafter adjusted so as to maintain the oral temperature constant 
at this value. Blood-flow measurements were made on both arms throughout the period of heating. 
The experiments were concluded by observing the effect of cooling the bath. Control experiments 
were performed as before. 

The third type of experiment was intended to show the effect of anaesthetizing the cutaneous 
nerves during the phase of increased blood flow that accompanies body heating. Resting blood 
flows were measured in both forearms, the body temperature was then raised as described above 
and, when the blood flow had become stable at the new raised level, the skin of one forearm was 
anaesthetized and the measurements of blood flow continued. Control experiments were performed 
in which saline, both with and without adrenaline, was used instead of lignocaine and adrenaline. 

A fourth group of experiments was also performed which were intended to show whether, by 
varying local or general temperature conditions, a vasoconstrictor release mechanism could be 
demonstrated. These experiments were similar to the first type, differing only in that various 
plethysmograph, bath or room temperatures, or a combination of these, were employed. 


RESULTS 
Cutaneous nerve block at neutral temperatures 


There were nineteen experiments on eleven subjects in which cutaneous nerve 
block was performed on one arm before measuring the blood flow. The mean 
blood flow in the blocked arm was 3-7 + 0-19 ml./100 ml. tissue/min, and in the 
control arm it was 3-4 + 0-25 ml./100 ml. tissue/min (if the results of three ex- 
periments on subject 3 were excluded the values were 3-6+0-20 and 3-6+ 
0-27 ml./100 ml. tissue/min respectively), so that, on the average, blocking the 
cutaneous nerves was without significant effect on the forearm blood flow in 
the resting condition. 

Three experiments were performed in which saline and adrenaline replaced 
the lignocaine and adrenaline. The mean blood flow in the control arms was 
2-7 ml./100 ml. tissue/min, and in the treated forearm 3-0 ml./100 ml. tissue/min. 

In general, the small differences that existed between the anaesthetized and 
control arms varied in a random fashion, the flow sometimes being greater 
in the treated arm, sometimes in the control arm, but it was observed that one 
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subject (subject 3) consistently had a higher level of blood flow in the anaes- 
thetized arm. For this reason a further eight experiments were performed 
and, in order to provide a more stringent control, the procedure was varied 
in that the blood flow was measured in both arms before blocking the cutaneous 
nerves in one. 

The results of these experiments are set out in Table 1. They confirm the 
findings in the previous experiments. On the average, there is no significant 
difference between the blood flows before and after the cutaneous nerve block, 
either in the treated arm (t= 1-65) or in the control arm (¢ = 2-22), but subject 3, 
as before, showed an increased blood flow in the treated forearm after the 
cutaneous nerve block. 


TABLE 1. Comparison of the blood flows before and after nerve block under neutral temperature 
conditions (bath and plethysmograph at 34°) in treated and control forearms. Each 
value is the mean of 32 in-flow traces. 


Blood flow (ml./100 ml. tissue/min) 


‘Control arm Blocked arm 
Before After Before After 
Subject Arm nerve nerve nerve nerve 
no. blocked block block block block 
1 Left 2-3 3-2 2-8 4-4 
— 1-6 1-9 1-7 1-8 
3-3 3-4 3-8 3-0 
2 Left 3-0 4-9 2-4 4-4 
Left 2-4 37 3-9 4:3 
3 Left 1-7 2-3 1-8 4-4 
4 Right 1-9 1-4 17 1-4 
5 Left 2-2 2-3 2-6 2-8 
Mean 2-3 2-9 2-6 3-3 
2-22* 1-65* 
* Not significant. 


Cutaneous nerve block followed by body heating 

Nine experiments were performed in which, after the cutaneous nerves in 
one arm had been blocked and the blood flow in both arms measured, the 
bath temperature was raised and the blood flow measurements continued. 
The results of one such experiment are shown in detail in Fig. 1. The mean 
resting blood flow was similar in the control and the treated arm (5-3 and 
4:2 ml./100 ml. tissue/min respectively), as would be expected from the results 
of the experiments already described. Heating the body produced a rapid and 
large response in the control arm in which the blood flow increased to a maxi- 
mum value of 14-0 ml./100 ml. tissue/min. In the treated arm the response 
to body heating was very small. On cooling the bath the blood flow fell 
rapidly in the control arm and at the conclusion of the experiment the blood 
flow was the same in both arms. 
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The results of the remaining eight experiments are more briefly illustrated 
in Fig. 2. In these the average blood flow in the control arm rose from a resting 
value of 3-3 ml./100 ml. tissue/min to 13.8 ml./100 ml. tissue/min when the 
flow ceased to rise during the phase of body heating. In the treated arms the 
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Fig. 1. The effect of cutaneous nerve block on the blood flow in the forearm during body heating 


and subsequent cooling. The 
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Fig. 2. The results of eight further experiments similar to that illustrated in Fig. 1, The symbc)s 
Ge and (_) represent right and left forearm as before, and A the anaesthetized and C the 
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average blood flow before body heating was 3-6 ml./100 ml. tissue/min and 
during body heating 6-5 ml./100 ml. tissue/min. In control experiments in 
which saline with adrenaline was substituted for lignocaine with adrenaline, 
the increase in blood flow on body heating was the same in the treated as in 
the untreated arm. 


Cutaneous nerve block during body heating 

The third type of experiment, in which cutaneous nerve block was performed 
on one forearm during the stage of increased blood flow accompanying body 
heating, presented a number of technical difficulties, the chief of which was 
ensuring that anaesthesia of the forearm was complete. There was no means 
of checking this during the course of the experiment as the forearm remained 
in the plethysmograph and anaesthesia could not be tested until it was with- 
drawn at the conclusion of the experiment. Although in all cases there was 
a substantial decrease in the blood flow in the treated arm it was never possible 
to reduce it completely to the level existing before heating. Furthermore, in 
two of four control experiments in which saline with adrenaline was used there 


was a definite fall in blood flow in the treated arm, although in a further three 


experiments in which saline only was used there was no change. 

It was considered that attempting to anaesthetize the forearm skin whilst 
the forearm was in the plethysmograph was an unsatisfactory procedure, and 
further experiments were performed in which, during the stage of body 
heating, both arms were’ withdrawn from the plethysmographs and one was 
injected either with lignocaine and adrenaline or with saline and adrenaline. 
The arms were then returned to the plethysmographs and further readings 
taken. The results of six such experiments, three using lignocaine and adrena- 
line and three using saline and adrenaline, are shown in Fig. 3. It will be seen 
that the injection of lignocaine and adrenaline produced a substantial fall 
in the blood flow, an effect which was not produced by the injection of saline 
and adrenaline. 


Temperature changes and vasoconstrictor release 


The observation that in subject 3 cutaneous nerve block was consistently 
followed by a small but definite increase in blood flow suggested that in this 
subject cutaneous anaesthesia resulted in the release of vasoconstrictor tone. 
Fig. 4 sets out the results of three of the fourth group of experiments which 
were performed in order to determine whether, by altering the experimental 
conditions (e.g. the temperature of the bath, room, or plethysmograph), this 
phenomenon could be more generally demonstrated. 

Cooling the water in the plethysmograph to 28° C failed to evoke any release 
of vasoconstrictor tone following anaesthesia (Fig. 4a) and indeed suppressed ~ 
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Fig. 3. The upper three figures show the effect in three subjects of cutaneous nerve block performed 
during the phase of increased blood flow which accompanies body heating. The corresponding 
lower three figures show, for the same subjects, the effect of substituting saline with adrenaline 
for lignocaine with adrenaline. 
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Fig. 4. The effect of cutaneous nerve block on forearm blood flow at lower plethysmograph, bath 

and room temperatures. In a (subject 6) and } (subject 3) the plethysmograph temperature 
was reduced to 28°C. In ¢ (subject 3) the plethysmograph temperature was maintained at 
34° C and the room and bath temperature lowered. 
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it in the single subject in whom it was known to occur (Fig. 4b). Lowering 
the bath temperature, though in general without effect, appeared to accentuate 
the release of vasoconstrictor tone in subject 3 (Fig. 4c). 


DISCUSSION 


In studies of vasomotor control in the human skin, the hand has been used 
more frequently than other regions of the body, not only on account of its 
accessibility but also because in it the ratio of skin to other tissues is particu- 
larly high; and it has been generally assumed that the vasoconstrictor 
mechanism so clearly demonstrated in the skin of the hand (Lewis & Pickering, 
1931; Warren, Walter, Romano & Stead, 1942; Sarnoff & Simeone, 1947; 
Arnott & Macfie, 1948; Gaskell, 1956) is the means whereby the blood flow 
is controlled in the skin elsewhere in the body. Grant & Holling (1938), who 
used the skin temperature of the forearm as a measure of the changes in 
cutaneous blood flow, showed however that blocking the cutaneous nerves 
by. local anaesthesia did not cause either flushing or warming of the skin, 
and that a similar cutaneous nerve block performed during body heating 
produced pallor and cooling in the anaesthetized area. They concluded from 
these findings that, in the forearm skin, vasodilatation is due to the action of 
vasodilator nerves. These findings were later confirmed by Doupe, Cullen 
& Macaulay (1943) but do not appear to have received general acceptance 
(Uvnis, 1954; Folkow, 1955). 

The extent to which the forearm skin blood flow in the neutral or normal 
body temperature state (that is, when the bath and plethysmograph tem- 
peratures are maintained at 34° C) is the result of vasoconstrictor tone main- 
tained by vasoconstrictor nerves is demonstrated by the results of the first 
type of experiment performed. These results show clearly that blocking the 
cutaneous nerves does not produce a consistent increase in blood flow in the 
forearm skin, hence the low level of blood flow in the normal or neutral body 
temperature state cannot be the result of vasoconstrictor tone. 

Evidence that the increase in forearm blood flow with body heating is 
produced by an active vasodilator mechanism, mediated by nerve fibres con- 
tained in the cutaneous nerves supplying the forearm skin, is provided by the 
second type of experiment, in which the normal response to body heating was 
either abolished or greatly reduced in the anaesthetized forearm (Figs. 1, 2). 
The presence of an active vasodilator mechanism is further demonstrated by 
the fall in the forearm blood flow which accompanied cutaneous nerve blocks 
performed after the blood flow had been raised by body heating (Fig. 3). 
These results confirm the findings of Grant & Holling (1938). 

Early in this investigation, however, it was noticed that one subject differed 
from the others in consistently exhibiting an increase in forearm blood flow 
when the nerve block was performed in the neutral or normal body-temperature 
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state. In three experiments on this subject the mean blood flow in the con- 
trol forearm was 2-4 ml./100 ml. tissue/min as compared with 4-2 ml./100ml. 
tissue/min in the anaesthetized forearm, suggesting the release of vasocon- 
strictor tone. Evidence that a vasoconstrictor component is present in most 
subjects has been provided by Roddie, Shepherd & Whelan (1957a). They 
measured the oxygen saturation of the blood in a superficial vein and observed 
that blocking the cutaneous nerves increased the degree of saturation, 
indicating that the blood flow to the skin had been increased and hence that 
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Fig. 5. The relation between the blood flow in the anaesthetized forearm and that in the contra- 
lateral (control) forearm following cutaneous nerve block at neutral temperature conditions 
(plethysmograph 34°C, bath 34°C, room 26°-28°C). The line drawn represents a 1:1 
relation. 


there had been some release of vasoconstrictor tone. Furthermore, they 
observed (Roddie, Shepherd & Whelan, 1957) that on heating the body there 
is an initial small increase in the blood flow in the forearm which they attribute 
to the release of vasoconstrictor tone. 

There is evidence, however, that their subjects might have been considerably 


cooler than ours. They are described (Roddie ef al. 1957a) as being lightly — 


clad in a room at 16°-18° C. It was considered possible, therefore, that the 
difference between our results and theirs might be explained by some syste- 
matic difference in the local or general temperature conditions employed. 
Moreover, if in those experiments in which the subjects were maintained at 
the ‘normal’ or neutral temperature condition the blood flow in the anaes- 
thetized arm is plotted against that in the control (contralateral) arm, it can 
be seen (Fig. 5) that there was a tendency for the forearm blood flow to be 
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greater as the result of cutaneous nerve block if the blood flow in the control 
arm was less than 4 ml./100 ml. tissue/min and to be less if the flow in the 
control arm was above that level. 

It was for this reason that the fourth type of experiment was performed in 
an attempt to find the optimum conditions for demonstrating a vasocon- 
strictor component in the vasomotor control of the forearm skin. The effects 
of altering the local and general temperature conditions were specially ex- 
amined in the one subject (subject 3) found to exhibit such a response. 
Reducing the local temperature to 28°C abolished any rise in blood flow 
following cutaneous nerve block in this subject (Fig. 4b). There was evidence 
of a potentiation of the vasoconstrictor activity in this subject when the bath 
and room temperatures were both lowered but the local temperature was 
maintained at 34°C (Fig. 4c). The effects of local cooling (Fig. 4a) and 
general body cooling were also examined in subjects who did not normally 
show evidence of release of vasoconstrictor tone with cutaneous nerve block, 
but these manoeuvres failed to provide satisfying evidence of the existence 
of vasoconstrictor tone in these subjects. 

Although the experiments which have been described show that vasodilata- 
tion in the skin of the forearm due to body heating is the result of an active 
vasodilator mechanism, they do not exclude the possibility that there is also 
a vasoconstrictor mechanism present. It could be that not only does the 
nervous mechanism involve some pathway other than the cutaneous nerves— 
for example the vascular plexuses (Mitchell, 1956)—but it might also subserve 
some purpose other than that of body temperature regulation. Evidence in 
support of the existence of such a vasoconstrictor mechanism is provided by 
the rise in temperature of the skin of the forearm which results from sympa- 
thectomy, and the great increase in blood flow which accompanies brachial 
plexus block. The increase observed following such a block is as great as the 
maximum blood flow obtained by body heating and much greater than the 
combined effects of blocking the radial, median and ulnar nerves together with 
the cutaneous nerves of the forearm (Barcroft, Edholm, Foster, Fox & 
Macpherson, 1956). The evidence provided by the use of ganglion blocking 
agents, however, would seem to indicate that vasoconstrictor release plays a 
relatively unimportant role in the control of forearm blood flow. Hamilton, 
Henley & Morrison (1954) showed that hexamethonium bromide produced a 
substantial change in hand and foot blood flow but only a small rise in calf 
and forearm flow. 

Postviating a vasodilator mechanism at once raises the problem of its mode 
of action. Hilton & Lewis (1955a, b) demonstrated in the cat that the increased 
blood flow in the submandibular gland resulting from stimulation of the chorda 
tympani is due to the production of bradykinin-forming substance which, 
together with the plasma proteins in the extracellular fluid, produces the 
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powerful vasodilator polypeptide, bradykinin. A similar mechanism in which 
the sweat glands replace the submandibular gland could well explain the 
phenomena seen in the forearm skin, and Fox & Hilton (1956) demonstrated 
that the bradykinin-forming substance was present in sweat collected from 
the forearm, which strongly suggested that such a mechanism was involved. 
This hypothesis received further support when it was shown by Fox & Hilton 
(1957) that bradykinin could be demonstrated in the subcutaneous extra- 
cellular fluid following body heating but before the onset of sweating, thus 
explaining the vasodilatation which is observed to occur before the onset of 
sweating. These observations, by suggesting the mode of action of the vaso- 
dilator nerves, remove an important obstacle to the acceptance of the concept 
of control of skin blood flow by means of a vasodilator mechanism. 

The difference between the vasomotor control of the human forearm and that 
of the hand raises the question of the mechanism of vasomotor control in the 
skin of the rest of the body. It is clear that this will now require investigation, 
but it seems that the skin of the rest of the body is likely to resemble that of 
the forearm rather than that of the hand. 


SUMMARY 


1. Experiments were performed in which the blood flows in both forearms 
were measured simultaneously by means of water-filled venous-occlusion 
plethysmographs while the subject reclined in a bath, the temperature of 
which could be accurately controlled. 

2. In experiments performed at ‘normal’ or neutral temperature conditions 
(bath and plethysmograph at 34°C) blocking the cutaneous nerves in one 
forearm with 2% lignocaine containing 1:67,000 adrenaline did not produce 
any significant change in the blood flow of the treated forearm, except in one 
subject who consistently showed a small increase. 

3. If the bath temperature was subsequently raised until the oral tem- 
perature of the subject was 38° C the large increase in blood flow in the control 
forearm (which has previously been shown to be confined to the skin), did 
not occur in the treated forearm. 

4. When the cutaneous nerves of the forearm were anaesthetized during 
the phase of increased blood flow which accompanies body heating, the blood 
flow in the treated forearm fell to a value close to that observed in the neutral 
temperature condition. 

5. Control experiments in which saline with adrenaline was substituted 
for the lignocaine with adrenaline gave negative results. 

6. Attempts to demonstrate (by varying the temperature of the bath and 
plethysmograph) the release of vasoconstrictor tone in subjects other than 
the one in whom it had been observed did not succeed. 
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7. It is concluded that the blood flow in the skin of the human forearm is 
regulated mainly by a vasodilator mechanism and not, as in the skin of the 
hands and feet, mainly by the release of vasoconstrictor tone. 
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ALTERNATING RELAXATION HEAT IN MUSCLE TWITCHES 


By A. V. HILL ann J. V. HOWARTH 
From the Physiological Laboratory, University College London 
(Received 31 July 1957) 


When a muscle is excited directly by a single shock at a pair of electrodes, or 
indirectly through its nerve, its contraction is not simultaneous all over but 
is propagated away from the stimulating cathode, or from the neuromuscular 
junctions. Consequently, one part stretches another and in turn is stretched 
by the other (Happel, 1926; Fischer, 1926). Since the part which starts to 
contract first also starts to relax first, considerable inequalities may so occur 
(see below) in the distribution of the relaxation heat along the length of the 
muscle. If a muscle is excited at multiple electrodes disposed along its length, 
the contraction is more nearly simultaneous and presumably this mutual 
stretching does not occur (Abbott & Ritchie, 1951); but multiple stimulation 
is not practicable with a muscle on a thermopile. It has long been suspected, 
however, particularly from the evidence of records of heat production during 
an isometric, or a heavily after-loaded isotonic, contraction, that different 
parts of a muscle behave in different ways, quite independently of these 
effects due to propagation (Hartree, 1931; Hill, 1938, p. 152, 19494, p. 218, 
1953, p. 112). This inequality may occur not only between different regions 
along the length of a muscle but between different parts of the same cross- 
section. Such differences are inherent in a system containing many fibres of 
widely different diameters and therefore, probably, of different physical 
characteristics. Even in a single fibre, which in a frog’s sartorius may be 
200-1000 times as long as it is thick, it is unlikely that the contractile strength 
and other properties should be identical throughout. 

The double thermopile described by Abbott, Aubert & Hill (1951) makes 
it possible to compare directly the heat production in two different regions 
of a muscle, and its three electrodes allow a stimulus to be applied in a variety 
of ways. The original simple purpose of the present investigation was to find 
out how large a difference of heat production in a twitch occurs between two 
portions (“pelvic’ and ‘ tibial’) of a frog’s sartorius. The thermopile consists of 
two parts each about 9 mm long, with about 2 mm between them. The pelvic 
sample of muscle was between 3 and 12 mm from the bone, the tibial sample 
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from 14 to 23 mm, so leaving (in a 30 mm muscle) a clear 7 mm to the tendon. 
The result came out consistently: in isometric, or in heavily after-loaded 
isotonic, twitches the total rise of temperature in the tibial region averaged 
about 14% less than in the pelvic region. If the tibial part contained a rather 
greater proportion of tendon, the rise of temperature in it would be less for two 
reasons: first, because the tendon produces no heat; secondly, because the 
mechanical energy in the lifted load, or in the stretched tendon, would be 
dissipated as heat to a greater extent in the opposite region of the muscle as 
it relaxed. 

These experiments were not very interesting, but a most peculiar phenomenon 
was noticed in one of them and this was followed up. Whichever of the two 
thermopiles was used, in successive twitches of a regular series the heat production 
alternated in size. The difference was quite large, the smaller heat being 70-80%, 
of the greater, under conditions where a 3% difference would have been signifi- 
cant. Moreover, the smaller heat recorded by one thermopile was simultaneous 
with the greater heat recorded by the other. Clearly the two parts of the 
muscle were alternating in some way. The stimulus was maximal; increasing 
it did not affect the phenomenon, nor did changing the site of the stimulus. 

The contraction was isotonic, with a small initial load and a large after-load, 
the condition for about-maximal work. If the muscle was stretched 3 or 4 mm, 
providing an initial load of a few grams, the alternation stopped (see Fig. 3, 
curve 2 and legend). If the muscle was then released to its original length 
and the series continued, the alternation gradually worked up again: once 
established, it continued indefinitely. 

These observations were of the total initial heat, read on a galvanometer 
scale: they were extended by photographic records made with a rapid 
galvanometer. These showed the same alternation in total heat production: 
but the difference between successive records was found to reside entirely in 
the relaxation heat, which is derived from the mechanical energy of the load 
transformed into heat when the muscle relaxes. The greater part of this 
mechanical energy, in a series of contractions, appeared alternately first in 
one part of the muscle and then in the other. The ordinary initial heat (of 
activation and shortening) occurring in the first 0-5 sec was identical in succes- 
sive contractions. In Fig. 1X are two consecutive records of the heat pro- 
duction. In the lower, there is only a trace of relaxation heat, in the upper it 
is large and obvious. Why, in contractions which were otherwise identical 
(judging from the early coincidence of the records), should the mechanical 
energy be absorbed during relaxation first by one portion of the muscle and 
then, in the next contraction, by the other? Fig. 1 Y gives a more usual example 
of the same effect. Here, as in Fig. 1X, there is identity during the contractile 
phase, and although the relaxation heats are obvious in both, there is a con- 


siderable difference between them. 
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It has long been known that in isometric twitches relaxation occurs earlier 
the shorter the muscle (Hartree & Hill, 1921, p. 401). In present-day jargon, 
the active state decays more slowly when a muscle is at a greater length. 
In heavily after-loaded isotonic contractions, the effect of length on relaxation 
is even more obvious. In Fig. 2 are three consecutive isotonic records, at initial 


0 02 0-4 06 06 
Time after stimulus (sec) 

Fig. 1. Copies of records of the heat production in isotonic twitches of frogs’ sartorii at 0° C, to 
show alternating relaxation heat. Ordinate, galvanometer deflexion, uncorrected, maxima 
shown by horizontal bars: abscissa, time after stimulus. Two separate experiments. X, 
muscles 170 mg, under initial load 1 g with after-load 37 g: two consecutive twitches. 
Y, muscles 235 mg, under initial load 1g with after-load 28 g: upper, mean of records 
1, 3 and 5 in the series; lower, mean of records 2 and 4. 


lengths 31, 33 and 35 mm, of a pair of muscles which at 33 mm had an initial 
tension of 1 g. The experiment was that of Fig. 1X, in which the muscles had 
a length of 32 mm and other conditions were identical. The effect of initial 
length is striking. At the moment (0-50 sec) when the muscle stimulated at 
31 mm had come right back to its initial length, stimulated at 33 mm it still 
retained about 87% of its maximal shortening. 

The suddenness of the stretch by the load during relaxation, and the slower 
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onset of relaxation in a muscle stimulated at a greater length, have nothing 


_ to do with the site of the stimulus. Fig. 2 was obtained from a muscle pair 


with the cathode in the tibial region and the anode at the pelvic end; but 
exactly similar records were obtained with a single muscle with 5 cathodes and 
4 anodes distributed along it. 

Consider two regions A and B along the length of a muscle which is giving 
regular isotonic twitches under a small initial load with a large after-load. 


02 0-4 06 


Time after stimulus (sec) 
Fig. 2. Three isotonic twitches at 0° C of the muscles of Fig. 1 X. Ordinate, shortening; abscissa, 
time after stimulus. Initial lengths (from below upwards) 31, 33 and 35 mm; total load 28 g, 
initial load 1 g at length 33 mm; shortenings 2-84, 3-16 and 3-26 mm. 


Suppose that A be slightly more stretched initially than B. (This condition 
is possible in a muscle under the same tension throughout because of hysteresis. 
For example, when a muscle previously gently stretched out is stimulated under 
a small load, it remains shorter after relaxation: if gently pulled out again, 
it now remains longer [Hill, 19496]). Then B, by hypothesis, being initially 
less stretched than A will, according to Fig. 2, relax earlier when stimulated: 
so it will be stretched by the falling load, while A will not be. Consequently, 
the conditions of A and B are reversed for the next twitch and alternation 
will occur. It is not necessary to start with a large difference between 
A and B; even a small difference tends to grow in successive contractions, 


until a steady state of alternation is built up. Under mechanical circumstances 
30-2 
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of this kind, an exact similarity of behaviour throughout the length of a 
muscle is an unstable condition and is bound to be replaced by alternation, 

The experiments so far described were made with heavily after-loaded 
isotonic twitches under a small initial load, the conditions claculated to give 
the most striking effect. But similar alternations of heat production were 
found in isometric twitches under a small initial tension, though these were 
not so great, usually about half the size. This was to be expected, for in 
isometric contractions the fall of tension in relaxation is much slower than the 
precipitous lengthening under a large load in isotonic conditions. The gradual 
stretch, therefore, of one part of a muscle by another during isometric relaxation 
would not be so extensive as the abrupt stretch by the falling load in isotonic 
relaxation. The greatest effect was found when the initial tension was quite 
small, of the order of 0-5-1-0 g in a pair of muscles weighing 200 mg; with an 
initial tension of 3 or 4 g the alternations were absent. This also was to be 
expected, for under a greater resting tension hysteresis would not be strong 
enough to allow one region of the muscle to retain much, if any, of the stretch 
effected during the previous relaxation ; soit would not relax later after the next 
contraction and the conditions for setting up an alternation would not exist. 

The alternation observed need not be between the pelvic and the tibial 
halves of a muscle: it might occur between any regions and there could be 
many of them in one muscle. With a thermopile in contact with nearly half 
the length of a muscle the size of the alternation between successive isometric 
twitches was not more than about 12% of the larger; with a thermopile only 
5 mm long, alternations up to 20%, were observed. A long thermopile would 
give only an average over regions which might be in opposite phases of the 
alternation. A short thermopile, however, could possibly be located in a single 
alternating region, so in consecutive twitches it might show, in the first no 
relaxation heat at all, in the second much more than the proper amount. — 

This possibility was followed up with isotonic twitches and a single thermo- 
pile only 54 mm in length. After various trials, it was found that, placed at 
4-9} mm from the pelvic bone between a pair of sartorii 34 mm long, this 
thermopile showed the remarkable alternation between (1) and (3) of Fig. 3. In 
(3) there is no sign of relaxation heat, in (1) it is twice the normal amount: yet 
up to the moment (0-50 sec) when (1) diverged from (3) the records were 
identical. The initial load in the alternating series was 0-8 g, the afterload 
46 g, the length 34 mm. The muscles were then stretched 5 mm under the 
same total load: the initial load must now have been a few grams. Alternation 
was no longer observed, and curve (2) is the record of the heat production, 
the same in successive contractions. Curve (2) is identical with (3) up to the 
moment (0-6 sec) when the relaxation heat came on. The interval (0-1 sec) 
between the divergence of (1) and (2) from (3) is a measure of the delay in 
relaxation due to a greater length. 
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The same phenomenon of an excess, or deficit, of relaxation heat can be 
shown in another way, without spontaneous alternations. Let a stimulus be 
applied (best after curarization) at one end of a muscle; then the time taken 
in propagation of contraction (at about 35 cm/sec at 0° C) is long enough to 


(1) 


0 7 0-2 0-4 0-6 0-8 10 
Time after stimulus (sec) 


Fig. 3. Copies of records of the heat production of a frog’s sartorius at 0° C, to show relaxation 
heat alternating in consecutive isotonic twitches under a small initial load (curves 1 and 3), 
and the absence of alternation under a greater initial load (curve 2). Ordinate, galvanometer 
deflexion, uncorrected; abscissa, time after stimulus. A very short thermopile was used, 
located between 4 and 94 mm from the pelvic end. Muscle pair, weight 220 mg, at length 
34 mm under an initial load of 0-8 g (curves 1 and 3), and at length 39 mm (curve 2). Total 
load 47 g. Stimulating cathode in the middle of the muscle, anode at the pelvic end. 


ensure that, with the precipitous relaxation of a heavily after-loaded twitch 
(Fig. 2), the end near the point of stimulation has relaxed completely before 
the other end has relaxed at all. In this way, enormous relaxation heats can 
be recorded, greater even than that of curve (1) in Fig. 3. For this purpose, 
@ small initial load is not necessary. With a long thermopile, in two halves, 
covering nearly the whole length of the muscle, stimulation of a curarized 
muscle at the pelvic end produced a large relaxation heat in the pelvic region, 
little in the tibial region. Stimulation at the tibial end had the converse effect. 
This helps to explain Rosenberg’s (1934) result that the ratio of heat to tension 
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in an isometric twitch was greater with stimulation at the pelvic than at the 
tibial end. His thermopile was in contact with the proximal part of the muscles 
so with stimulation at that end the elastic energy was dissipated chiefly there 
in relaxation and was added to the heat. 

These experiments show in an unequivocal way (if it still needs to be shown) 
that the relaxation heat is purely of mechanical orgin. No other explanation 
of an alternating difference between successive twitches, like that between 
(1) and (3) of Fig. 3, seems reasonable. A moral to be drawn from all this is 
that it is dangerous to regard a muscle as a homogeneous body contracting 
and relaxing uniformly throughout. In examining the finer details of the 
twitch, it is advisable to choose the conditions (e.g. not too low an intial tension, 
and if possible stimulation ‘all over’) which give the muscle a better chance 
of behaving in an ideal way. 

An obviously fundamental property of muscle is the large effect of initial 
length on the duration of the active state, as is illustrated by Fig. 2. This is 
shown more vividly in heavily after-loaded isotonic contractions than in any 
other way. The phenomenon deserves an attempt to explain it in terms of 
recent theories of contraction. 


SUMMARY 

1, During a regular series of isotonic twitches of a frog’s sartorius, under 
a small initial load and a heavy after-load, considerable alternations may 
appear in the magnitude of the heat production recorded in a limited region 
of the muscle. 

2. These are not due to fluctuations of the normal muscular response but 
solely to the energy of the load, transformed into heat during relaxation, 
appearing alternately in different regions. 

3. Relaxation occurs later in any region (A) which was initially more 
extended, so the falling load stretches another region (B) relaxing earlier 
because it was initially less extended. 

4. Consequently, in the next twitch, B in turn relaxes later and A earlier: 
A therefore is now extended by the falling load and the cycle is repeated. 

5, A similar alternation, but of smaller amplitude, is found in successive 
twitches under isometric conditions with a small initial tension. With a larger 
initial tension, the alternations do not occur. 


6. The condition of uniform distribution of the relaxation heat is unstable, 
unless the initial load is great enough. 


This work was done with the aid of a grant from the Medical Research Council for scientific 
assistance to one of us (A. V.H.). 
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Bone is the only tissue in which the sodium concentration is greater than in 
extracellular fluid (Harrison, Darrow & Yannett, 1936) and it contains a large 
proportion of the total amount within the body (Bergstrom, 1955; Cheek, 
West & Golden, 1957; Davies, Kornberg & Wilson, 1952a). The sodium in the 
extracellular fluid of bone only accounts for a small proportion of the total. 
The greater part lies in the bone crystals (Neuman & Neuman, 1953; Nichols 
& Nichols, 1956). The bone content of calcium and phosphorus increases with 
age and there is some evidence that there is a corresponding alteration in 
sodium (Bergstrom & Wallace, 1954). 

The effects of sodium loss have been studied by following the alterations in 
total body content by balance techniques and correlating these with altera- 
_ tions in serum sodium level. From time to time discrepancies have been re- 
vealed in such experiments which were greater than could be accounted for 
by the errors of the measurement (Atchley, Loeb, Richards, Benedict & 
Driscoll, 1933; Flanagan, Davis & Overman, 1950; Gamble, Wallace, Eliel, 
Holliday, Cushman, Appleton, Shenberg & Piotti, 1951). It is now known that 
the bone sodium content falls after loss of sodium from the body (Bergstrom, 
1955; Nichols & Nichols, 1956; Levitt, Turner, Sweet & Pandiri, 1956), and 
it has been suggested that bone may act as a sodium reservoir for the rest of 
the body (Bergstrom, 1956). Renwick, Robson & Stewart (1955) did not 
observe any drop in serum sodium level, even after 30 days of severely re- 
stricted sodium intake in man. 

Ever since the earliest studies with radio-sodium it has been realized that 
bone sodium does not exchange completely within periods adequate for com- 
plete exchange in all other tissues (Kaltreider, Meneely, Allen & Bale, 1941). 
For example, in rats only 30-40% of bone sodium exchanged with injected 
radio-sodium within 24 hr (Bauer, 1954). Similar values have been reported 
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in rabbits (Davies, Kornberg & Wilson, 1952c), in dogs (Edelman, James, 
Baden & Moore, 1954), and in man (Edelman, Olney, James, Brooks & Moore, 
1952; Miller & Wilson, 1953; Miller, Munro, Renschler & Wilson, 1954). The 
most readily available radioactive isotope, “Na, has a physical half-life of 
15-4 hr which has limited that duration of many observations. Experiments 
on rats with the isotope “Na, which has a physical half-life of 2-6 years, have 
suggested that some radio-sodium may be incorporated into bone sodium and 
remain there for many weeks (Bauer, 1954). Similarly, in a human subject 
given Na, measurements with a whole body counter have shown that some 
radioactivity remained in the body long after there was none detectable in 
serum samples (Miller, Munro & Wilson, 1957). 

In the present work various factors influencing the exchange of radio-sodium 
with the sodium in the bones of rats have been investigated. The effect of 
age on the bone composition and penetration of radio-sodium has been studied 
and long-term experiments with **Na have been made, while the rats have 
been on a sodium-deficient diet. Particular attention has been paid to the 
changes in bone composition following acute and chronic sodium depletion. 
Bergstrom (1956) has suggested that the fall in bone sodium content may be 
due to release of the rapidly exchangeable fraction. However, little so far is 
known about the effects of sodium depletion on bone sodium exchange. 


METHODS 


Male albino rats were used. They were of the same strain and reared under identical conditions. 
In a few experiments they were given “Na immediately after weaning. Otherwise they were 
divided into groups on a weight basis (a) between 50 and 100 g, (b) between 230 and 280 g, and 
(c) between 400 and 450 g. These weights correspond to ages of 5 weeks, 24 weeks and over 14 years 
respectively. 

The rats were normally fed on a standard diet containing about 15 m-equiv sodium/100 g. 
Rats weighing about 250 g consumed on the average 20 g of the diet a day. A reduced sodium 
intake was achieved by giving a diet of rice and distilled water with supplements of yeast and 
olive oil. On this diet the mean daily urinary excretion of sodium in 250 g rats was 0-08 m-equiv/ 
day. 

Doses of either 20-40 pe “Na or 10 po *Na in 0-5 ml. 0-9% (w/v) NaCl were given by intra- 
peritoneal injection. The radioactivity of blood and bone samples containing “Na was measured 
in liquid counters (Veall, 1948). In some experiments, double tracer techniques were employed 
and initially the solutions of blood and bone contained both “Na and **Na. They were counted 
as soon as possible, and again a week later, when the short-half-life *Na had decayed to a negli- 
gible quantity. The concentrations of the two isotopes were thus readily calculated. A scintilla- 
tion counter (Type N550, Ekco Electronics Ltd.) was used to measure samples containing only 
small amounts of **Na. 

The radioactivity within living rats was estimated in a specially designed system. Eight 
matched G.-M.counting tubes (Type G. 26, 20th Century Electronics Ltd.) were arranged symmetri- 
cally around a central cylinder of brass with an internal diameter of 7-5 cm. The counters were 
connected in parallel through a probe unit (Harwell catalogue type 1014 A) to an automatic scaler 
(Type 580A, Ekco Electronics Ltd.). The rats were placed in a large glass tube, perforated for 
Ventilation, and fitted with an adjustable plastic disk, which could be taken out to allow the rat 
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to enter and then moved along to confine the animal at the far end. Two plastic rings were cut to 
the size of the brass cylinder and fitted to the outside of this tube to ensure that the rat was al- 
ways placed at the centre of the counter array. The whole apparatus was shielded with lead 2 cm 
thick. A diagram of the apparatus and of the rat inside the glass chamber is shown in Fig. 1. 

During measurements, the rat remained inside the counter for 5 min. Alternate counts were 
made from a standard solution of **Na in a bottle held inside a Perspex container and inserted in 
the same way as the rats. Tests on samples of *Na up to 0-1 yo showed a linear relationship be- 
tween the amount of radioactivity and the counting rate recorded. 


Longitudinal section 


Fig. 1. The arrangement of 8 G.-M. counting tubes around the central cylinder into which 
the rat chamber is inserted. The whole is enclosed in lead 2 cm thick. 


Blood samples were removed by cardiac puncture. Owing to the difficulty of getting sufficiently 
large serum samples in the smallest rats, a comparison was made of the sodium specific activity of 
whole blood and serum. Twelve rats between 240 and 260 g were given an intraperitoneal injection 
of “Na and blood samples obtained 24 hr later. After clotting, the serum was separated and the 
blood clot transferred to distilled water, in which it was broken into small fragments with a glass 
rod. The cellular debris from the clot was removed by centrifuging and the supernatant fluid 
removed and diluted to 12 ml. The serum was diluted to the same volume and the sodium specific 
activity measured in both solutions. There was close agreement between the two values (P> 0-7). 
Thereafter either haemolysed whole blood or serum samples were used in estimating blood sodium 
specific activity. 

The rats were killed by anaesthetizing with ether and opening the thoracic cage. Immediately 
after death, the femora, tibiae and humeri were dissected free of all adherent muscle and tendon. 
The periosteal membranes were removed and the shafts separated from the bone ends by saw 
cuts made between the epiphyseal plates at constant anatomical landmarks, The bone shafts were 
split with forceps and all the marrow and cancellous bone removed. The three bones from each side 
were pooled so that two separate bone samples were obtained from each animal. 

The bone fragments were transferred to crucibles and their water content measured by the loss 
of weight after drying in an oven at 150° C for 3-5 hr. This method of estimating bone water was 
compared in duplicate samples from 10 animals, with drying at 90° C to a constant weight. There 
was no significant difference (P> 0-8). The more rapid method was accordingly used to facilitate 
counting with the short half-life isotope. The dried bone samples were ashed in a furnace at 
700° C for 1 hr, The ash was dissolved in 2-5 ml. 2m-HCl, according to the weight of the sample, 
and the volume made up to 15 ml. with resin-filtered distilled water. 

The sodium content of the bone solutions after 1: 100 dilution was estimated in the EEL flame 
photometer, using an interference filter for estimating sodium in the presence of calcium (Barr & 
Stroud, Type A. 997; band width 150A, peak 5860 A). 

In the presence of calcium the estimate of sodium concentration by flame photometry is too 
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high because of interference effects. Calcium solutions free of sodium give deflexions which cor- 
respond to an apparent sodium content. This effect obtained with calcium solutions measured 
in the EEL flame photometer before and after the addition of 0-2 m-equiv Na/l. is shown in Fig. 2. 

The concentrations of sodium and calcium in this experiment cover all the estimations made on 
bone solutions. Hence, a correction for the calcium interference effect was applied when spraying 
diluted bone solutions in which the calcium content was invariably below 20 m-equiv/1. 


§ 

2 
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Calcium concentration (m-equiv/!.) Concentration of HCI (mi. 2M-HCI/I.) 
Fig. 2 Fig. 3 


Fig. 2. The apparent sodium content of calcium solutions before and after the addition of 
sodium. ©, calcium solutions; @, calcium solutions with 0-2 m-equiv sodium/l. added. 


Fig. 3. The effect of increasing concentrations of HCl on the estimate of the sodium in a 
standard solution containing 0-1 m-equiv/I. 


The presence of chloride ions has been shown to depress the estimate of sodium concentration 
by flame photometry (Collins & Polkinhorne, 1952). Accordingly, the effect of chloride concentra- 
tion on the measurements of the sodium concentration in a standard solution was investigated 
(Fig. 3). It is evident that no effect was detected with concentrations below 5 ml. 2m-HC\/l., 
which was more than twice the maximum concentration in the diluted bone solutions. 

The calcium content of the diluted bone solutions was measured by flame photometry (Powell, 
1953). These estimates were compared with an established chemical method (King, 1946) on 
forty-five bone solutions and five prepared standards. No significant difference was demonstrated 
(P =0-3). 

Finally, the accuracy of measuring bone sodium was tested by recovery experiments. Sodium, 
in concentrations varying between 0-05 and 0-20 m-equiv/l. was added to fifteen different bone 
solutions of known sodium content. The mean recovery was 101-9 % of the value calculated from 
the dilution (s.p.+4-3%). 
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RESULTS 


Effect of age on bone composition and sodium exchange. Three groups of rats of 
different weights were studied. The values for the water, sodium, calcium 
and exchangeable sodium contents of bone, measured 24 hr after the injection 
of “Na, were obtained by taking the mean of the estimates on the two bone 
samples from each animal. The differences between the duplicate samples 
taken from each side were small, the standard error of the difference being 
+1-5% for bone sodium and +1-2% for bone calcium, both expressed as 
m-equiv/kg dry bone. The corresponding figure for the relative specific 
activity of bone sodium was + 2-2%, which included the errors of sodium and 
calcium estimation in addition to the error in measuring radioactivity. The 
mean values, the standard deviation, and the standard error for each group 
are shown in Table 1. Within each group the variations in bone mineral con- 
tent and the exchangeable sodium are small. 


Taste 1. Composition of bones of young, adult and old rats 


Specific Exchange. 


Water activity able bone 
No. of rate of wet (m-equiv (m-equiv a: to (m-equiv/ 
and age Wt. (g) bone(%) dry bone) dry bone) ratio sodium (%) dey bel 
15, young 17 18-9 12,146 246-6 0-0202 64-0 157-8 
8.D. ll 2-5 434 11-1 0-0013 5-0 11-4 
8.B. 3 0-6 112 2-9 0-0003 1-3 2-9 
15, adult 249 15:8 12,825 253-3 0-0197 54-7 138-7 - 
8.D. 22 2-4 249 8-5 0-0007 2-8 9-4 
8.E. 6 0-6 64 2-2 0-0002 0-7 2-4 
8, old 427 13-6 13,313 275-0 0-0205 50-0 137-2 
8.D. 22 0-6 220 9-6 0-0005 2-9 5:3 
8.B. 8 0-1 78 3-4 0-0002 1-0 1-9 


However, the differences between the three groups are striking. The water 
content of the bones decreased with age. Thus, the amount of water in these 
cortical bone samples expressed as percentage of wet bone fell from 18-9°% 
in young rats to 13-6% in old rats. The bone calcium content, however, 
showed a considerable rise with age. The bones from old animals contained 
9-6% more calcium/kg dry bone than those from the young rats. 

The amount of sodium in bone increased conspicuously with age. This rise 
in sodium content followed calcium in the same proportion and the Na:Ca 
ratio remained constant throughout the three age groups. 

This increase in bone mineral content was associated with a considerable 
decrease in the specific activity of bone sodium relative to blood 24 hr after 
injecting radio-sodium. The relative specific activity of bone sodium fell from 
64% in the young rats to 50% in the old animals. However, if the amount of 
sodium which had exchanged with “Na was expressed in the same units as the 
total sodium content (m-equiv/kg dry bone) then the fall was much smaller, 
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though it was still evident and the difference between the young and adult 
rats remained highly significant (P<0-001). It should be emphasized that this 
drop in exchangeable sodium occurred in spite of an increase in the total 
sodium content of bone (Fig. 4). The fall in exchangeable bone sodium with 
age occurred mainly between the young and adult rats; there was no appreci- 
able difference between the adult and old rats in this respect. In contrast, the 
total bone sodium content increased steadily with age. 

A regression analysis confirmed that the fall in water content, the increase 
in bone sodium and calcium, the drop in the relative specific activity of bone 
sodium, and in exchangeable bone sodium are all highly significant (P < 0-001). 


i 
= 200 50% 
100 
= 


50-100 g 200-300 g 
rats rats 
Fig. 4. The effect of age on bone sodium content and the specific activity of bone sodium relative 
to blood 24 hr after injecting *Na. Lower black portions of columns represent exchangeable 
bone sodium. 


Acute sodium depletion and bone sodiwm exchange. Two groups of fifteen 
rats weighing between 50 and 100 g, and 230 and 300 g were used (Table 2). 
Sodium depletion was carried out as described by Bergstrom & Wallace (1954). 
A solution, representing in volume 10% of the body weight and containing 
90 m-moleammonium chlorideand 50 g glucose/|. was injected intraperitoneally. 
The rats were allowed only distilled water from the time of this injection until 
death. After 4 hr the fluid in the peritoneal cavity was withdrawn, thus re- 
moving sodium from the body. On the morning of the following day, 20-40 yc 
*Na were injected intraperitoneally. Twenty-four hours later the animals were 
killed under ether anaesthesia. 

The effects of sodium depletion on bone composition and serum levels in 
the young and adult rats are shown in Table 2. The results in an equal number 
of rats not depleted of sodium, but allowed distilled water and no food for a 
similar period, are shown for comparison. The amount of sodium removed on 
a body-weight basis was similar in the two age groups. The weight loss in the 
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sodium-depleted animals was slightly greater than in the rats subjected to 
starvation alone. The serum sodium concentration was not altered by removal 
of sodium from the body in the young rats but showed a significant fall in the 
adults. 

The bone water and calcium contents did not change, but the bone sodium 
was decreased by the depletion experiments (P<0-001). This decrease was | 
greater in the young rats. The specific activity of the bone sodium relative to 
blood was higher in the depleted rats, particularly in the younger group (Fig. 5). 


TaB_E 2. The effect of sodium depletion on serum sodium and bone composition in young and adult rats 
Sodium activity Exchange 
removed Serum W. 

No. of (m-equiv/ wt. sodium content (m iv/ ( uiv/ um 
rats rat loss (m-equiv/ of wet ‘ig dry Na:Ca sodium (m-equiv/y 

Group andage (g) wt)  L)* bone(%) bone) ratio (%) 

Control 15, young 177 0 202 150-7(12) 189 12,146 2466 00202 640 1578 
8.5. 3 = 1-1 0-9 0-6 112 29 00003 13 29 
Depleted young 74 149 21-7 1506 18-6 189 O71 76-8 1610 
4 0-7 12 1-1 0-4 3-1 00002 1-4 41 3 
Control 15, adult 249 0 120 1493(15) 158 . 12,825 2533 00197 54-7 138-7 
8.E. 6 -- 0-9 0-8 0-6 64 22 00002 0-7 2-4 
Depleted 15, adult 254 13-9 168 1386(14) 143 £123,791 #400179 57-6 1320 
8.E. 4 0-8 0-8 20 0-5 71 37 00003 15 41 


* An adequate specimen for serum sodium determination was not obtsined in a few animals; in them whole blod 


specific activity only was measured. The number of rats on which the mean is based is shown in parentheses. 


Fig. 5. The mean bone sodium content and exchange with “Na after 24 hr in control and sodium- 
depleted rats. Lower black portions of columns represent exchangeable bone sodium. 


In spite of the decreases in total sodium content of the bones, the amount of 
sodium available for exchange in a 24 hr period with “Na showed no signifi- 
cant change (P=0:6). 

Long-term exchange of Na with bone sodium. Rats weighing between 230 
and 280 g were placed on the rice diet, and after 4 days were given injections 
of *Na. Thereafter they were killed in groups at intervals up to 14 weeks. 
Twenty-four hours before death they received injections of *Na. The rats 
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lost about 15% of their body weight after 14 weeks on this diet, but no 
obvious signs of nutritional deficiency were observed. The effect on the total 
calcium and sodium content of bone and the exchange of bone sodium with 
_ tadio-sodium are shown in Table 3. The calcium content did not change, but 
| both the water and sodium contents of the bones fell gradually while on the 
{ restricted intake of sodium (Fig. 6). After 14 weeks the total sodium content 


Water 
Weeks No. content Calcium Sodium meetin 
rats of Wt. at of wet (m-equiv/kg Na:Ca 
| injection rate death(g) bone(%) dry bone) dry ) ratio 4Na 

ange} 3 253 17-1 13,171 251 0-0191 52-7 7 
oF 3-3 0-7 243 5-0 0-0006 1-2 2-7 
iv 2 3 240 15-3 13,309 253 0-0190 52-7 63-0 
one 8.2. 10-0 0-8 138 8-0 0-0006 2-2 4-6 
18 4 3 218 16-6 12,992 224 0-0173 54-7 73-0 
29 | 8.E. 0-5 0-8 247 8-4 0-0009 1-8 3-6 
Toe. 8 210 16-4 12,792 236 0-0184 55-3 82-7 
s.2. 15 0-8 139 6-9 0-0004 0-4 1-8 
4 | 2g 145 238 0-0182 57-0 0 
> 8.8. 3-3 0-4 353 4-8 0-0004 0-6 2-7 
{1 9 2 195 14-0* 12,697 217 0-0171 50-5 17-5 
ble 8.5. 10-6 61 7-8 0-0007 1-1 4-6 
ll 3 203 12-7 12,618 233 0-0184 51-3 75-0 
8.5. 0-5 0-4 123 3-2 0-0004 1-3 20 
14 3 212 13-3 12,714 222 0-0185 52-3 83-7 
8.k. 4-4 0-4 105 7:3 0-0004 1-5 1-7 


| * One sample only. 
| The rats were given intraperitoneal injections of “Na 24 hr before death. 
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Fig. 6. The sodium content of bones from normal rats and from rats fed on « rice diet 
for periods up to 14 weeks. 
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was 14% lower than the mean value of 257 m-equiv/kg dry bone in fifteen 
normal rats. The fall in sodium content without any change in calcium is 
further reflected by the decrease in the Na:Ca ratio. 

In spite of this decrease in sodium content, the relative specific activity of 
bone sodium, measured 24 hr after injecting “Na, remained within the normal 
range described above. However, the measurements with *Na showed that 
there was a progressive increase in the relative specific activity of bone sodium 
up to 7 weeks. By this time the specific activity of bone sodium was 75-87 %, 
of the specific activity of the sodium in blood samples. Thereafter no further 
increase was demonstrated. 

Serum sodium concentration while on rice diet. The mean serum sodium level 
in twenty-three rats maintained on a standard diet and weighing 230-280 g 
was 150+1-0(s.z.) m-equiv/l. After 7 weeks on the rice diet in a group 
of six rats there was no change in the serum sodium, which was 150+ 
0-8 m-equiv/l., but after 13 weeks in a further group of six rats there was a 
fall to 145+ 0-8 m-equiv/l. The difference is significant (P < 0-02). 

Persistence of **Na in bone. Six rats were placed on the rice diet and given 
22Na as described above. After 6 weeks on the restricted diet they were allowed 
the standard diet for 1 week. Two rats were then killed. The remaining four 
were again placed on the rice diet and were killed in pairs 3 and 5 weeks later. 
The specific activity of the bone sodium relative to blood following the change 
in diet was 391, 196 and 257 ° respectively in the three pairs. The bone sodium 
content and the exchange with “Na after 24 hr were within the normal range. 
These results suggested that some of the *Na had entered a part of the bone 
sodium not exchanging freely with the sodium of the extracellular fluid and 
further investigations using counting in vivo were carried out. 

Kight rats were placed on a rice diet shortly after weaning. Four days later 
they were given 10 yc **Na and kept on the rice diet for a further week. There- 
after they were allowed the standard diet and grew normally. The first measure- 
ments of whole-body radioactivity were made 11 weeks after the injection. 
After some preliminary observations over the course of a -week, daily intra- 
peritoneal injections of 25 ml. of 0-9% (w/v) NaCl were given for 6 days. In 
all animals there was prompt fall in radio-activity following the first injection 
but after subsequent injections the whole-body radioactivity showed no signi- 
ficant change. During the injections the animals did not gain weight as the 
excess saline was quickly excreted in the urine. After the period of saline 
injections the whole-body radioactivity was followed in two of the rats for a 
further 4 weeks, while they continued on a standard diet (Fig. 7). They showed 
a slight, slow decline in total radioactivity over this period. These two rats 
were then killed 17 weeks after the injection of 22Na. At this time approximately 
0-05 xc **Na remained in each animal. The blood contained no detectable 
radioactivity. In the shafts of the long bones there was 8-5 pe/kg dry bone in 
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each animal. The sodium content of the bones was respectively 256 and 
266 m-equiv/kg dry bone. 
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Fig. 7. Whole body radioactivity measurements on two rate begun 11 weeks after injection of 
**Na. During the period between the dotted lines daily intraperitoneal injections of sodium 
chloride were given. 


TaBiz 4. Estimates of sodium content of rat bones 


Sodium 
Type ot (magiav/ 
. (g m 
or age bone sample bone sample kg) Authors 
333 ©Shaft with marrow Wet bone 206 
218 Shaft with marrow Dry bone 308 11984) 


Adult Shaft with marrow Dry, fat-free, solid 229* Nichols & Nichols (1956) 
Old Shaft with marrow Dry, fat-free, solid 273* Nichols & Nichols (1956) 


Adult Shaft with marrow Wet bone 165 Woodbury (1956) 
300 Shaft without Dry tissue 288 Levitt et al. (1956) 
marrow 
220 Shaft with marrow Dry, fat-free, solid 297 Cheek et al. (1957) 
249 #8 Shaft without Dry bone 253 This paper 
' marrow 
427 Shaft without Dry bone 275 This paper 
marrow 


* In these values a deduction has been made for the sodium in the extracellular fluid. 


DISCUSSION 


There have been considerable variations in the estimates of rat bone sodium 
content by other groups of workers. Some of these are summarized in Table 4. 
Before estimating bone sodium content it was usual to remove calcium by 
precipitation, though simultaneous loss of sodium frequently occurred (Har- 
rison, 1937; Forbes & Perley, 1951; Bergstrom & Wallace, 1954). When radio- 
sodium became available it was possible to correct for loss of sodium with 
greater accuracy (Davies, Kornberg & Wilson, 19525; Forbes & Lewis, 1955). The 
introduction of flame photometry did not immediately simplify the problem be- 
cause of interference effects between calcium and sodium. In some experiments 


the calcium content has been measured separately on one half of a sample and a 
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correction applied for the interference with the sodium estimation on the 
remainder (Miller et al. 1954). Others prepared special standard solutions 
containing calcium as well as sodium and hoped to make this correction auto- 
matically (Bauer, 1954; Edelman et al. 1954). In these studies the inter- 
ference filter minimized the effect of the calcium present and the calcium 
content of the same dilution was measured subsequently. The preliminary 
tests and recovery experiments confirm that the methods are satisfactory. — 

Apart from the difficulties of earlier chemical techniques, confusion has 
also arisen from the preparation of bone samples. The region from which the 
samples were taken has not always been specified and it is not always clear 
whether the marrow and cancellous bone have been removed. Cancellous 
bone has a higher mineral content than compact bone (Engstrom, 1956) and 
in the rapidly growing region of the epiphyseal plate the sodium content and 
the rate of sodium exchange is higher (Bauer, 1954). Because of the diminish- 
ing water content of older bones, it is misleading to express bone sodium and 
calcium content per unit of wet bone weight when comparing animals of 
different ages. 

Others have shown that the calcium content of bone increases with age as 
the water content decreases (Hammett, 1925; Logan, 1935; Neuman & Neuman, 
1953). Bergstrom & Wallace (1954), who calculated bone sodium and calcium 
content per kilogram of wet bone weight, also observed that bone sodium 
increased with age, but found that the Na:Ca ratio varied from 0-014 in 
young rats to 0-022 in their oldest animals. The values for bone sodium and 
calcium obtained in this study are in agreement with the recent reports 
of Nichols & Nichols (1956). 

The results of the measurement of bone sodium exchange are in keeping 
with current conceptions of bone structure. It is known that bone mineral is 
not inert but undergoes constant turnover throughout life (Shohl, 1939; 
Hevesy, 1955). The processes governing ionic transfer between bone and extra- 
cellular fluid are related to the bone growth and the resorption and re- 
modelling of osteones (Neuman & Neuman, 1957). Young osteones have a 
high uptake of ‘bone-seeking’ radio-isotopes (Jowsey, Owen & Vaughan, 
1953). In young animals, whose bones contain a higher proportion of newly 
formed crystals, a relatively greater surface is available for exchange processes. 
Furthermore, the more highly hydrated, imperfect crystals are capable of 
more rapid exchange. With increasing age the bone crystals become larger, 
less hydrated and more compact. Thus a larger proportion of their surface 
is effectively isolated from the body fluids (Neuman & Neuman, 1957). 

The sodium reraoved by the depletion procedure amounted to 25-30% of 
the total body content (Bergstrom & Wallace, 1954; Woodbury, 1956). The 
alterations in bone structure may account for the smaller release of sodium 
from the bones of the older rats and the apparently more effective action of 
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the bones as a sodium reservoir in the young. The latter, with the greater loss 
from the bones, showed no depression of serum sodium level, whereas there 
was a conspicuous fall in the serum of adults. When sodium is transferred from 
bones to the extracellular fluid after acute sodium depletion it is probable that 
the loss is from the exchangeable rather than the non-exchangeable bone 
sodium. However, in spite of the drop in bone sodium following acute sodium 
depletion, the amount of exchangeable bone sodium remains the same as in 
control rats. These results suggest therefore that, after depletion, some sodium 
in bone which was not originally available for exchange has become exchange- 
able so that the drop in bone sodium appears to be entirely at the expense of 
the non-exchangeable fraction. 

The change in bone sodium content was not associated with a corresponding 

loss of calcium. The calcium content has been calculated as m-equiv/kg dry 
bone and therefore will not necessarily reflect loss of calcium from the body if 
a reduction in total bone weight has occurred. The Na: Ca ratio does, however, 
indicate a disproportionate loss of sodium. Similar results have been reported 
by other workers (Bergstrom, 1955; Levitt et al. 1956). As sodium is thought 
to be limited to the surface of bone crystals, it is likely that acute 
sodium depletion removes some of the superficial sodium, leaving the 
calcium undisturbed within the interior of the crystal (Neuman & Neuman, 
1957). 
- Up to 24 hr there is a relatively rapid exchange of radio-sodium in the extra- 
cellular fluid with sodium in the bones and by the end of that time the specific 
activity of the bone sodium is 55% of the blood value. The duration of per- 
sistence of radio-sodium in the extracellular fluid and the rapidly exchanging 
portion of bone sodium depends on the intake of sodium. When this is low, as 
on the rice diet, the specific activity of the extracellular fluid remains high 
and further slow penetration of radio-sodium into the bones continues. If the 
intake of sodium is then increased, the radio-sodium is quickly lost from the 
extracellular fluid and the rapidly exchanging portion of bone sodium. On 
the other hand, any radio-sodium that has entered the slowly exchanging part 
in the bone is not affected by this rapid turnover. Following the elimination 
of the radio-sodium from the extracellular fluid the specific activity of the 
bone sodium relative to blood becomes extremely high (Green, Reynolds & 
Girerd, 1955). 

The measurements made in rats fed with an increased amount of sodium 
after a prolonged period of restriction and in the rats treated with intra- 
peritoneal saline injections showed that **Na had entered a part of the bone 
that was effectively isolated from the extracellular fluid. In their work with 
dogs, Edelman et al. (1954) did not observe any continuing entry of **Na into 
the ribs during a period of one month. This may be too short an interval for 
the detection of any increase in bone sodium exchange in a larger animal. 

31-2 


2 
¢ 
7 
4 
4 


486 D. 8. MUNRO, R. 8S. SATOSKAR AND G. M. WILSON 


The persistance of “Na in man for some years, described by Miller et al. (1957), 
is most likely due to incorporation of the isotope in bone in a manner com- 
parable to the process in rats. 


SUMMARY 


1. The composition of bone has been investigated in rats weighing between 
50 and 450g. The sodium and calcium content increased with age and the 
water decreased. 

2. The proportion of bone sodium which exchanged with isotopes during 
the 24 hr after injection fell with increase in age, but because of the rise in 
total bone sodium content the fall in the absolute amount of exchangeable 
bone sodium was small. 

3. After acute sodium depletion in both young and adult rats the total 
bone sodium content dropped, but the specific activity of bone sodium relative 
to blood increased. The absolute amount of exchangeable bone sodium re- 
mained constant. The changes in the bones were all greater in the younger 
animals, in which the serum sodium did not fall. In the older group the loss 
of sodium from bone was less and there was a decrease in serum sodium con- 
centration. 

4. In chronic experiments rats were kept on a rice diet for some weeks. 
The total bone sodium content fell steadily on the restricted diet, but the 
serum sodium only declined slightly after several weeks. There was a continued 
penetration of **Na into the bones. The calcium content was unaffected. 

5. Some of the **Na entered a fraction of the bone which was not in free 
communication with the extracellular fluid. The excretion of Na trapped 
in this way was not enhanced by the administration of large amounts of 
saline. | 

During this work R.S.S. was holding a research fellowship granted by Glaxo Laboratories 
(India) Priv. Ltd. We should like to thank Dr G. H. Jowett and Dr H. Miller for their advice and 
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THE EFFECTS OF ANTICHOLINESTERASES UPON 
THE.SPLEEN OF THE DOG 


By MARY J. SCOTT* 
From the Department of Physiology, University College London 


(Received 6 August 1957) 


It was observed by Daly (1957) that intravenous injections of tetraethyl- 
pyrophosphate (TEPP) into the anaesthetized dog caused a considerable in- 
crease in the arterial haematocrit value. He suggested that this effect was the 
result of an emptying of the blood stores of the spleen, because it was reduced 
or abolished by previous removal of the spleen. 

In this paper experiments are described which show that administration of 
TEPP does cause contraction of the spleen. The results of an investigation of 
the mechanisms by which the contraction is brought about are also described. 


METHODS 


Dogs varying in weight from 9-1 to 19-6 kg received premedication with morphine hydrochloride 
(3 mg/kg subcutaneously), and about half an hour later a 1:1 mixture of Dial (Ciba Laboratories 
Ltd., diallylbarbituric acid 0-1 g and urethane 0-4 g/ml.) and sodium pentobarbitone (Nembutal, 
Abbott Laboratories, Ltd.) in a dose of 0-25 ml./kg intravenously. Occasionally a second injec- 
tion of morphine (1-5 mg/kg) was given 2 hr later. In one experiment chloralose (0-1 g/kg intra- 
venously) was given after premedication with morphine hydrochloride (3 mg/kg subcutaneously). 

The systemic blood pressure was measured in a femoral artery by means of a mercury mano- 
meter. The tidal volume of the animal was measured with a small spirometer connected to a 
conventional closed-circuit respiratory system. The carbon dioxide was absorbed in two soda- 
lime towers, and the flow of oxygen into the system was controlled by an adjustable needle valve, 
thus allowing the limiting lines of the tidal air tracing to be set horizontal before poisoning with 
an anticholinesterase. Subsequent changes in the slope of the tidal air tracing therefore indicated 
alterations in oxygen uptake by the lungs, provided the functional residual capacity of the lungs 
remained the same. When necessary, artificial respiration was applied by means of a Starling 
‘Ideal’ pump, 

Measurements of changes in size of the spleen 

Innervated spleens. The spleen was exteriorized through a mid-line abdominal incision and sup- 
ported on a rigid Perspex plate. The pedicle of the spleen passed through a longitudinal slit in the 
plate. The spleen was photographed at frequent intervals and the area of its photographic image 
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was measured planimetrically by projecting the negatives (Celander, 1954): in what follows this 
will be called ‘the area of the spleen’. The change in the area of the spleen was expressed as a 
percentage of its initial area. 

In one experiment the spleen was isolated from the circulation, and perfused from a femoral 
artery of a donor dog. Blood from the spleen was returned to a femoral vein of the donor. As far 
as possible, the innervation of the spleen was preserved. 

In one dog the spleen was made opaque to X-rays by intravenous injection of 48 ml. of Thoro- 
trast (Heyden Chemical Corporation, 24-26 % ThO, by volume) given in two doses within 6 days 
of the acute experiment. Identification of the upper and lower poles of the spleen was made easier 
by attaching to each two Michel clips at a previous operation carried out under pentobarbitone 
sodium (Nembutal) anaesthesia, with full aseptic precautions. At the final experiment the animal 
was anaesthetized with a morphine-Dial-Nembutal mixture, and X-ray plates were taken before 
and after the injection of TEPP. . 

Denervated spleens. Complete denervation of the spleen was ensured by excising it from the 
animal and perfusing it from a femoral artery. Through a mid-line abdominal incision the vascular 
connexions of the spleen with the omentum, stomach and pancreas were divided between ligatures. 
The splenic artery and vein were cannulated towards the spleen. The remainder of the pedicle 
was then divided between ligatures, proximal to the cannulae, and the spleen removed from the 
abdomen. It was placed in a plethysmograph and perfused through the splenic artery from the 
dog’s femoral artery. Blood from the splenic vein was returned to the animal via a femoral vein. 

The plethysmograph was filled with sodium chloride solution (0°9 %, w/v) or liquid paraffin, 
and the temperature maintained between 37° and 39° C by placing it on an electric heating pad. 
Changes in volume of the spleen were measured by means of a water volume recorder. Splenic 
venous pressure was measured from a side arm of the splenic venous tubing by means of a saline 
manometer. It was recorded on the kymograph by a small volume recorder connected to the top 
of the manometer. 

In several experiments haematocrit determinations were made on blood samples taken from a 
femoral artery. The blood was collected in Wintrobe tubes, which were centrifuged at 3000 rev/ 
min for 30 min. 

In the perfusion experiments the blood was rendered incoagulable with heparin (Liquemin, 
Roche Products Ltd, 7-6 mg/kg). 


RESULTS 


In these experiments, TEPP (Albright and Wilson), in doses of 0-1 mg/kg 
intravenously, invariably caused a diminution in respiratory minute volume, 
which was sometimes reduced to zero. There was always a reduction in heart 
rate and variable changes in systemic blood pressure. In most experiments 
the blood pressure rose and then as the heart rate progressively decreased it 
fell to its original level or even lower. In other experiments the blood pressure 
fell initially and this was followed by a progressive increase, usually to levels 
in excess of the control value. Typical effects on respiration and blood pressure 
are shown in Text-figs. 1-3. These results are similar to those described in the 


dog by various workers using TEPP and other anticholinesterases (see review 
by Holmstedt, 1951). 


Effect of TEPP on the size of the spleen 
In dogs anaesthetized with either a morphine-Dial-Nembutal mixture 
or chloralose, TEPP invariably caused contraction of the spleen as indicated 
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by a decrease in its area. In five experiments a mean reduction of 48-8% 
(range 37-5-58-4%) in area occurred (Table 1). The typical effect is shown 
in Text-fig. 1. The splenic contraction began 1-2 min after injection of TEPP, 
and in most of these experiments was still continuing at a time when atropine 
was given to prevent death of the animal. The values given in Table 1 for the 
percentage reduction in area of the spleen are therefore an underestimate of 
the maximum values to be expected had the observations of the action of TEPP 
been continued. 


TaBLE 1. The effect of intravenous injection of TEPP, 0-1 mg/kg, on the area of the spleen 
Expt. no. Reduction in area (%) 
2 


58-4 

3 47-6 
6 49-2 
9 37-5 
13 51-5 
Mean 48-8 


Text-fig. 1. Dog, male, 18-2kg. Morphine—Dial-Nembutal anaesthesia. Innervated spleen. 
Upper trace shows percentage reduction in spleen area, measured photographically. In 
A, at first arrow, +, TEPP 0-1 mg/kg was injected intravenously; at second arrow, f, 
atropine 3 mg. Records B and C were taken 17 and 25 min respectively after the injection of 
atropine. The figures above the signal marker are haematocrit values. In this and in subse- 
quent figures: B.P. =systemic blood pressure; T.A. = tidal air volume (inspiration upwards) ; 
8.Vol. =spleen volume and 8.V.P. =splenic venous pressure. 


In one experiment, in which changes in outline of the spleen were observed 
radiographically, TEPP caused a considerable contraction (PI. 1, figs. 1 and 2). 
In the experiment shown in Text-fig. 1, haematocrit values were deter- 
mined on samples of blood drawn from a femoral artery. An increase m 
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492 MARY J. SCOTT 
haematocrit value was observed coincident with contraction of the spleen. 
A similar increase in haematocrit reading on injection of TEPP was observed 
by Daly (1957). : 
Mechanism of contraction of the spleen 
It has been shown previously that anticholinesterases cause an increase in 


sympathetic discharge (Dirnhuber & Cullumbine, 1955; Daly & Wright, 1956) — 


and a secretion of suprarenal medullary hormones (Stewart & Rogoff, 1921; 
Daly & Wright, 1956). Since these are both known to cause contraction of the 
spleen (Oliver & Schafer, 1895; Schafer & Moore, 1896) it was considered 
likely that they would participate in the response to injections of TEPP. 
Experiments were therefore carried out to test this hypothesis. 


—_ 
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Text-fig. 2. Dog, female, 11-1 kg. Morphine-Dial-Nembutal anaesthesia. Cross-perfused in- 
nervated spleen preparation. Donor dog splenectomized and bilaterally adrenalectomized. 
Both cervical vagosympathetic nerves in the recipient animal were cut. Upper trace 
shows percentage reduction in spleen area measured photographically. At arrow, +, TEPP 
0-1 mg/kg was injected intravenously into the recipient animal. 


Effect of denervation of the spleen. In two experiments the spleen was excised 
from the body to ensure complete denervation and perfused from a femoral 
artery. It was found that intravenous injection of TEPP caused a diminution 
in volume of the spleen measured plethysmographically. The reductions in 
volume were 69 and 119 ml. respectively. In these experiments, therefore, 
contraction of the spleen must be due to an agent carried in the blood. 

Effect of adrenalectomy. Experiments were carried out on two adrenalecto- 
mized dogs in which the innervation of the spleen was left intact. In one of 
these experiments, TEPP caused a 38% reduction in area of the spleen. A 
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similar result was obtained in the second experiment. The injection of eserine 
sulphate (Burroughs Wellcome), 0-2 mg/kg, caused a reduction in area of 47 %. 

The results of these experiments suggest that the innervation of the spleen 
is in part responsible for the contraction of this organ on injection of an anti- 
cholinesterase. Direct evidence for the participation of the sympathetic 
system was obtained in a cross-perfused innervated spleen preparation. In 
this experiment humoral effects were excluded by isolating the spleen from 
the circulation and perfusing it from a donor dog. Although the evidence 
favours the view that the vagus nerves do not innervate the spleen (Schafer & 
Moore, 1896; Magnus & Schafer, 1901; Masuda, 1927; Utterback, 1944), any 


Text-fig. 3. Dog, male, 13 kg. Morphine—Dial-Nembutal anaesthesia. Autoperfusion of the 
denervated spleen. Bilateral adrenalectomy. Changes in volume of the spleen measured by 


plethysmography. Ata, TEPP 0-1 mg/kg intravenously. At b, atropine 3 mg intravenously. 
The figures above the signal marker are the haematocrit values. 


possibility of their participation in the response in this experiment was ruled 
out by dividing them in the neck. The injection of TEPP into the recipient 
animal resulted in a 46% reduction in area of the spleen (Text-fig. 2), and this 
response must be attributed to an increase in sympathetic discharge. 

Effect of combined denervation of the spleen and adrenalectomy. In two pre- 
parations, in which the spleen was denervated and both adrenal glands re- 
moved, the intravenous injection of TEPP failed to cause contraction of the 
spleen (Text-fig. 3). On the contrary, a slight dilatation was noted amounting to 
2 ml. in one case, and 7 ml. in the other. In the latter experiment splenic 
venous pressure was maintained constant. The cause of this dilatation was not 
established, but it may be due either to a direct action of the anticholinesterase 
on the spleen, to accumulation of endogenous acetylcholine, to a passive 
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hydrostatic effect of an increase in blood pressure or venous pressure or to a 
combination of two or more of these factors. In these experiments, no appre- 
ciable change in the arterial haematocrit concentration occurred (Text-fig. 3). 

These results indicate that the contraction of the spleen in anticholinesterase 
poisoning is the result of a combination of two factors; an increased sympa- 
thetic discharge and a release of suprarenal medullary hormones. 


The effect of atropine 
The intravenous injection of atropine, in doses of 3-4 mg, after poisoning 
the dog with an anticholinesterase, caused an increase in heart rate, and an 
abrupt rise in systemic blood pressure which then fell to the control level 


Text-fig. 4. Dog, male, 13-9 kg. Morphine-Dial-Nembutal anaesthesia. Innervated spleen. 
Atropine 3 mg. Upper trace shows the percentage reduction in spleen area measured photo- 
graphically. At a, TEPP 40 mg/kg was injected intravenously. At 6, positive pressure 
ventilation was applied. The figures above the signal marker are haematocrit values. X, 


2-3 min later. The respiratory minute volume was usually restored completely 
within 1-2 min. Under these circumstances the spleen dilated, although com- 
plete recovery to its original state was not usually effected (Text-fig. 1; 
Pl. 1, fig. 3). 

In the two experiments in which the spleen was denervated and both adrenal 
glands removed, atropine caused the volume of the spleen to return almost to 
its original value (Text-fig. 3). 

Large doses of TEPP, 20-40 mg/kg intravenously, after atropine, caused a 
decrease in volume or in area of the spleen, depression of pulmonary ventila- 
tion and an increase in arterial haematocrit concentration (Table 2, Text- 
fig. 4; Pl. 1, fig. 4). It was found that this contraction of the spleen could be 
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reversed by applying artificial respiration, which suggests that it was the result 
of asphyxia. 

The contraction of the spleen in response to large doses of TEPP in the 
atropinized preparation is, at least in part, the result of an increase in sym- 
pathetic discharge. The evidence for this was obtained in an animal which 
was pre-treated with 5 mg atropine and had both cervical vagosympathetic 
nerves cut and both adrenal glands removed. The injection of 30 mg/kg TEPP 
caused a 30% reduction in area of the spleen. 


TaBLE 2. Effect of intravenous injection of TEPP, 20-40 mg/kg, on the area of 


the spleen in atropinized dogs 
Expt. no. Reduction in area (%) 

2 39-4 

3 20-6 

4 33-0 

6 45-6 

13 55-6 
Mean 38-8 

DISCUSSION 


These results show that the spleen of the dog contracts in anticholinesterase 
poisoning. Experiments designed to elucidate the mechanism of this con- 
traction indicate that it is the result of two effects: an increase in the discharge 
in sympathetic fibres to the spleen and an increased output of suprarenal 
medullary hormones. The evidence for this is based on the fact that anticho- 
linesterases still cause contraction of the organ when one or other of these 
factors is eliminated, but not in the absence of both. The responses of the 
spleen, therefore, fall into line with those of other tissues. Daly & Wright 
(1956), for instance, showed that the vasoconstriction after TEPP occurring 
in skin, muscle and splanchnic vessels was similarly due to these two factors 
of increased sympathetic discharge and release of suprarenal medullary 
hormones. 

The present experiments have also shown that an increase in the haemato- 
crit value of arterial blood always accompanies the contraction of the spleen 
produced by TEPP. When the spleen did not contract, as in adrenalecto- 
mized preparations with the spleen denervated, there was no change in the 
haematocrit reading. Emptying of the stored blood cells from the spleen is, 
therefore, an important cause of the changes in haematocrit values. These 
findings are in keeping with those of Daly (1957) who found that injection of 
TEPP caused little or no increase in the arterial haematocrit value in splen- 
ectomized dogs. 

SUMMARY 

1. The effects of intravenous injections of an anticholinesterase, tetra- 
ethylpyrophosphate, on the size of the spleen have been investigated in the 
anaesthetized dog. 
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2. TEPP in doses of 0-1 mg/kg caused a considerable contraction of the 
spleen, variable changes in blood pressure and a reduction in respiratory 
minute volume. Evidence is presented which indicates that the response of 
the spleen was due to an increase in sympathetic discharge and to increased 
secretions of suprarenal medullary hormones. 

3. The contraction of the spleen caused by TEPP was reversed by atropine, 
provided pulmonary ventilation was restored to its resting value. | 

4. Large doses of TEPP injected into atropinized preparations caused 
contraction of the spleen and failure of respiration. This response of the spleen 


could be reversed by applying artificial respiration, suggesting it was the result 
of asphyxia. 


I wish to express my thanks to Dr M. de B. Daly for advice and assistance throughout this 
work; to Mr P. Venning for carrying out the radiography, and to Mr D. R. Bacon for technical 
assistance. This work was supported in part by a grant from the Royal Society to Dr Daly. 
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EXPLANATION OF PLATE 1 
Dog, male, 14-1 kg. Morphine-Dial-Nembutal anaesthesia. Two intravenous injections of 24 ml. 
Thorotrast given 6 and 2 days respectively before final experiment. Two Michel clips attached 
to the upper and two to the lower pole of the spleen 2 days previously.’ Between figs. | 


and 2, TEPP 0-1 mg/kg intravenously; between 2 and 3, atropine 3 mg; between 3 
and 4, TEPP 40 mg/kg. 
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THE EFFECT OF GENERAL CHILLING ON THE 
VASODILATOR RESPONSE TO COLD 


By W. R. KEATINGE 
From the Medical Research Council Department of Experimental Medicine, 
University of Cambridge 


(Received 12 August 1957) 


Lewis (1930) showed that vasodilatation followed an initial vasoconstriction 
when fingers were immersed in ice water. His observation that there was less 
dilatation if the subject was generally cold has been repeatedly confirmed 
(Spealman, 1945; Greenfield & Shepherd, 1950), but Blaisdell (1951) demon- 
strated some phasic fluctuations in finger temperature even when his subjects 
were very cold. Yoshimura & Iida (1950-51) and Meehan (1955) found that 
some individuals and races appeared to develop the dilatation more readily 
than others. Their subjects were warm. 

Outside the laboratory local cooling severe enough to provoke cold vaso- 
dilatation will seldom occur without general cooling of the body, and if the 
reaction is largely or completely suppressed by general cooling it may be of 
little importance. The present experiments were, therefore, performed to 
determine how much general body cooling affects the onset and magnitude of 
the local response to cold, and to what extent individual differences then come 
into play. The effects on the local reaction of both prolonged general chilling 
in air, and of rapid general chilling in cold water, were studied, as the latter is — 
of interest in determining whether cold vasodilatation can adversely affect 
survival in cold water. 

The effect of constrictor reflexes and of adrenaline on established vasodila- 
tation has also been tested, since it had been found by Hertzman & Roth (1942) 
that vasoconstrictor reflexes were sometimes effective during cold vasodila- 
tation and sometimes not. 

Venous occlusion plethysmography is not a valid method of measuring blood 
flow in cold extremities (Greenfield & Shepherd, 1950) and direct calorimetry, 
used by these authors, has the disadvantage that the water warms by as much 
as 6° C by the end of an hour, thus lessening the chilling stimulus as the ex- 
periment proceeds. Moreover, the rate of heat loss is affected by alterations 
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in arterial temperature as well as in blood flow, and the former can be large 
in cold people (Bazett, Lowe, Newton, Eisenberg, Day & Forster, 1948). 
Measurement of the size of pulsations in the finger, besides providing an in- 
accurate index of blood flow, does not permit the finger to be surrounded by 
cold water at a constant temperature. A method of indirect calorimetry 
which allowed approximate corrections to be made for variations in arterial 
temperature was therefore designed, to follow heat loss and blood flow in the 


finger in these experiments. 


METHODS 


In each experiment the subject’s left index finger was dipped through a hole in the lid of a circular 
tin filled with ice chips and water. The water was stirred mechanically so that a current of ice and 
water flowed steadily over the finger. The finger was immersed up to the level of a rubber dia- 
phragm fitted loosely round the proximal interphalangeal joint. Preliminary experiments showed 
the water to remain within 0-05° C of freezing point even in the immediate proximity of the 
finger. 

Temperatures were measured by means of thermocouples made from gauge 34 copper and 
constantan wires, fused by welding and filed down to a fine point. A track 1 cm long was made in 
the skin of the pulp of the finger by a fine sewing needle, a thermojunction was slid into this 
track, and the skin and thermojunction covered by a single layer of zinc oxide plaster. The track 
was made at a depth just sufficient to cause pain but not deep enough to draw blood. This was 
assumed to be in the deepest layers of the epidermis, which are known to contain pain fibres, and 
just superficial to the blood vessels of the dermis. The same track was used in repeated experi- 
ments on each subject and since it was in the epidermis it did not become inflamed or tend to heal. 
The small diameter of the thermocouple wires and the fact that they were in the track for a con- 
siderable distance minimized errors due to the conduction of heat away from the recording site. 
Such errors are serious in the conventional type of intracutaneous thermojunction (Aschoff, 1944) 
which is rigid enough to be inserted by itself. 

A second thermojunction was strapped to the surface of the skin overlying the dorsum of the 
metacarpophalangeal joint of the finger. A wad of cotton-wool several inches thick was strapped 
over it to insulate the area thermally. 

The cold junction was in a ‘Thermos’ flask full of ice and water. The e.m.f. was led to a direct 
reading Scalamp galvanometer and the apparatus calibrated. Temperatures could be read to 
within 0-05° C and were recorded every minute. Since the water surroundiug the finger was at 
0° C, the intracutaneous temperature gave a direct measure of the temperature difference between 
the thermojunction and the water. The local heat loss was, therefore, directly proportional to the 
recorded temperature, and the mean local heat loss over a given period directly proportional to 
the mean intracutaneous temperature recorded during that time (Table 2). 

The skin temperature at the base of the finger was assumed to represent the temperature of the 
blood in the digital arteries. On theoretical grounds a perfectly insulated area of skin will take 
up the temperature of the blood supplying it. Errors can arise if veins carrying cold blood from 
the finger pass close to the area. The dorsum of the metacarp phalangeal joint was chosen as it is 
free of visible veins, none of which were closer than 1 cm to the thermojunction. The tempera- 
tures recorded were in the range that can be predicted from the temperature gradients found by 
Bazett et al. (1948) in the radial artery under similar conditions, and the fluctuations recorded 
(Figs. 1-3) were of the type to be expected from the precooling of arterial blood found by these 
authors, The temperatures recorded will clearly lag behind changes in the true arterial tempera- 
ture, and were only used as & measure of arterial temperature when virtually steady. ’ 

The rate of heat loss was always expressed as a percentage of the highest rate recorded in the 
subject after digital nerve block. After correction for any change in arterial temperature (Table 1) 
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changes in heat loss must be due to changes in blood flow. The faster the flow, however, the smaller 
will be the amount of heat lost by each ml. of blood, so like all methods of calorimetry this method 
underestimates the size of the changes of flow. An approximate value for the change in blood flow 
due to viscosity change was calculated separately, on the assumption that the blood in the skin 
vessels was at the recorded intracutaneous temperature, and that the viscosity of blood varies 
with temperature in the same way as the viscosity of water does (Burton & Edholm, 1955). 


Procedure 


The subjects were seven healthy men, aged between 18 and 30. None had any history of 
vascular disease. All were University students or research workers and none had been exposed 
to an unusual degree of cold in the previous 6 months. 

Four experiments were performed on them. In each the subject’s left index finger was dipped 
into stirred ice water, and in the ‘hot’ and ‘cold’ experiments it was immersed for 2 hr except 
when a maximal blood flow was clearly attained earlier. The subjects sat with their hands de- 
pendent. In the first experiment they had been chilled in a cold room, in the second they were 
hot and sweating, and in the third they were hot at the start but were immersed in a cold bath at 
the same time as their fingers were cooled. One of the subjects was unwilling to undergo the third 
experiment which was omitted in his case. In the remaining experiment each subject was hot, and 
the digital nerves to the finger were interrupted by a local anaesthetic before immersion. This 
experiment was performed to assess maximal blood flow and was carried out immediately after 
the second. The others were performed on each subject in the order given, at intervals of at least 
24 hr and all within a week. They were carried out in winter, during December, January and 
February. 

For the ‘hot’ experiments (Tables 1 and 2) the subjects ran in heavy clothes and overcoats until 
they started to sweat, and then sat fully clothed in a room at 17-18° C during immersion of the 
finger. Sweating continued throughout. The second experiments (Tables 1 and 2) were performed 
in a cold chamber at 5-6° C, with the subjects wearing only trousers rolled up above the knees. 
They sat in a 4 m.p.h. wind for 45 min, and in still air for a further 15 min before their fingers were 


_ dipped in ice water, and they remained in still air for the rest of the experiment. In these ‘cold’ 


experiments the subjects were all judged clinically to be highly vasoconstricted at the start of the 
experiment, in that colour returned to the skin of the hand very slowly after it had been blanched 
by pressure. All started to shiver within 20 min of entering the cold room, and continued to do so 
for the remainder of the experiment. In the cold bath experiments (Table 2) each man ran until 
he was sweating and was then immersed for 25 min up to the middle of his chest in water between 
6 and 6-5° C, wearing two pairs of trousers and a shirt. His arms were wet but were not con- 
tinuously in the water. The water was not stirred. 

In the remaining experiment the subjects were hot. The digital nerves to the finger were blocked 
by an injection of 2% lignocaine. Less than 1-5 ml. was used, and this gave total anaesthesia to 
touch and pinprick for at least 20 min without distending the skin tightly. During this time 
blood flow usually reached a high and steady level during immersion in ice water, and was taken 
as the maximal flow. Sometimes it fluctuated; this is consistent with the observation of Green- 
field, Shepherd & Whelan (1951) that the hunting phenomenon can occur in denervated fingers. 
In these cases the peak flows reached were taken as the maximal flow The same peak was often 
reached repeatedly, suggesting that this really represented the point of maximum dilatation. 

The effect on established cold dilatation in the finger of putting the feet into cold water was 
tested in each of the ‘hot’ and ‘cold’ experiments. The stimulus was repeated in an additional 
experiment on the first subject when he was comfortably warm. The water was at 12° C in the 
‘hot’ experiments, but for the ‘cold’ experiments was at 6° C to ensure an adequate stimulus to 
the already cold subjects; at 6° C a sensation of pain as well as cold was always experienced. The 
effect on established dilatation of 0-5 ml. of 1/1000 adrenaline injected intramuscularly into the 
thigh was similarly tested in an additional ‘hot’ and ‘cold’ experiment on subject A and in the 
standard experiments on the other subjects. A fine needle was used and the injections were almost 
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painless. The intramuscular route was chosen as adrenaline is rapidly absorbed from muscle 
(Goodman & Gilman, 1941) and muscle blood flow is relatively unaffected by the general thermal 


state (Roddie, Shepherd & Whelan, 1956). 4 


RESULTS | 


The top section of Table 1 shows the rates of heat loss reached at the height of 
cold dilatation when the men were generally warm, expressed as a percentage 
of the highest rate of loss recorded after digital block, and the time taken for 


the dilatation to reach three-quarters of this figure. The highest rates of heat ‘ 


Taste 1. Highest rates of heat loss reached during cold vasodilatation and time taken after 
immersion to reach three-quarters of this value 


Subject... A F D E B G Cc 
Subjects hot 
* Highest rate of heat loss 96-5 116 96-7 123 89-8 1165 117 
Time taken to reach three- 8 13 9 12 ll 11 14 
quarters of this figure (min) 


* Highest heat loss corrected for 101 108 993 893 92-7 108 102 
arterial temperature (index of 


blood flow) 
* Blood flow expected ifchange 98-7 103 98-5 106 99-4 104 107 
in flow was due solely to change 
in viscosity 
Subjects cold 
* Highest rate of heat loss 360 27:9 £273 165 150 2-6 28 . 
Time taken to reach three- 15 19 54 83 87 98 103 
quarters of this figure (min) 
* Highest heat losscorrectedfor 744 660 758 293 87-7 73 43 
arterial temperature (index of 
blood flow) 
* Blood flowexpectedifchange 773 833 730 800 756 715 719 
in flow was due solely to change | 
in viscosity 
Radial pulse + + > > + + 
Subjects in cold bath 
* Highest rate of heat loss 56-5 42-6 88 30-8 ‘ 12-9 16-7 
Time taken to reach three- 10 13 18 13 ‘ ll 14 
quarters of this figure (min) 
Radial pulse ++ ++ ++ ++ ; ++ + 


* Heat loss and blood flow always expressed as a percentage of the highest loss recorded after 
digital nerve block. Radial pulse volume, assessed by palpation: + + + =strong; + + = moderate; 
+ =weak. 


loss after correction for arterial temperature changes (used as an index of the 
highest blood flows reached) were all within 11% of those attained after digital 
block. Changes in viscosity were in no case sufficient to account for a change in 
flow of more than 7%. The time taken after immersion of the finger for the 
heat loss to reach three-quarters of its highest level in the experiment varied 
from 8 to 14 min, and the radial pulse was full throughout. The middle sec- 
tion of the table gives the same information about the local responses when 
the men were generally cold. In three of the men the corrected heat loss from 
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the finger (index of blood flow) rose to within 35% of that attained after 
digital block, and within 20% of it if allowance is made for the reduction in 
blood flow due to increased viscosity of blood in the cold. The other four men 
lost heat from their fingers at too low a rate to be accounted for by changes in 
viscosity alone, and in subject C the highest heat loss from his finger, after 
correction for arterial temperature, was only 4-3°% of the loss after digital 
block. The time taken after immersion for the finger heat loss to reach three- 
quarters of its greatest rate was always longer when the subjects were generally 
cold. In some of the men the difference was small but in others considerable, 
and in one the time rose from 14 to 103 min. The radial pulses were in every 
case less full in the cold and in some of the men, who showed very little cold 
vasodilatation, were distinctly weak. 


TABLE 2. Heat loss from finger tip between 5 and 25 min after immersion in ice water 


Subject... A F D E B G Cc 
Subjects hot 768 63-7 742 552 634 663 £533 
Subjects cold 203 3131 0-4 0-5 0-4 0-5 0-3 
Sub; jects in cold bath 36-0 17:5 3-7 6-9 : 6-2 7-0 
Flushing of skin of trunk and legs +++ +++ ++ + + ‘ + + 
after 25 min in cold bath 


Crude heat loss expressed as a percentage the subject 


st any time. Flushing: + + + =marked; + + =moderate; + =—just 


The bottom section shows the highest rates of heat loss, and the time taken 
to reach three-quarters of this figure when the subjects entered a cold bath 
at the same time as their fingers were immersed. Dilatation took place only a 
little more slowly, in most cases, than when the subjects were hot and much 
more rapidly than when they were in the cold room. Radial pulses did not 
decrease so much as in the cold room. Insulated skin temperatures fell rapidly, 
and since these can only be taken as a measure of arterial temperature when 
equilibrium is reached, no figures for corrected heat loss could be obtained in 


_ the cold bath. 


Table 2 shows the average rate of heat loss from the finger between 5 and 
25 min after its immersion. The first 5 min of immersion was excluded, as heat 
lost during that time is not derived solely from the blood. The average losses 
are expressed as a percentage of the highest rate of heat loss recorded in the 
subject in question. When the subjects were hot, cold vasodilatation had taken 
place in all of them before the 25 min had expired, and the average rates 
of heat loss were in every case more than 50% of the subject's highest rate. 
When the subjects were generally cold before their fingers were immersed, 
the average rate of loss over the standard period of time was much less. It 
was considerable in only two of the subjects and even in them was much less 
than when they were hot, as a result both of the slower onset of the reaction 
and the lower arterial temperature (see Table 1 and Fig. 3). 

The third set of results:in Table 2 shows the average rate of heat loss from 
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the fingers of six men when they entered a cold bath (6° C) at the same time 
as they immersed their fingers in water at 0° C. The losses were considerably 
more rapid during the 5-25 min period than they were when the men had been 
chilled in the cold room before their fingers were immersed. It was noted 
that the skin of the trunk and legs was always flushed when the subjects had 
been in the bath 25 min, and a rough measure of this was recorded and is given 
in the table. Those with the greatest rate of heat loss from the finger showed 
more flushing than the others. The flushing appeared while the subjects were 
still in the water. 


Temperature (°C) 
a 
1 


Time (min) 

Fig. 1. The insulated skin temperature and pulp temperature of subject A’s finger in ice water. 
Subject: (a) hot, (6) cold, (c) in cold bath, Finger immersed at time 0 in each case, In this 
and subsequent figures, thin upper trace = insulated skin temperature of finger; lower trace = 
intracutaneous temperature of finger pad. 


Fig. 1 shows the pattern of cold vasodilation in subject A when he was hot, 
cold and in the cold bath. The pulp temperature rose more rapidly at the onset 
of the dilatation when he was hot than when he was cold, as weil as doing so 
earlier. In the cold bath the skin temperature reached an early peak but then 
began to fall again. 

Fig. 2 gives similar information about subject C, who showed the poorest 
dilatation. When he was cold, there was no evidence of dilatation until two 
brief waves appeared 98 min after immersion of his finger. As with the 
previous subject the dilatation that developed when he was in the cold bath 
began to fall off after an early peak; this pattern was followed by all subjects 
in the bath. 3 

Fig. 3 (a-c) shows the effect of putting the feet into cold water on the 
temperature of the arterial blood and the skin of the immersed finger of 
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subject A when (a) hot, (b) comfortably warm and (c) generally chilled. Fig. 3 
(d, e) shows the effects on these two measurements of injecting adrenaline 
when he was hot and when he was generally cold. Putting the feet into cold 
water inhibited the vasodilatation due to cold strongly when the subject 
was hot, moderately when he was warm and barely at all when he was 
generally chilled. The wave of vasoconstriction induced when he was hot by 
putting his feet into cold water passed off while the feet were still in the water 
(Fig. 3a). Adrenaline likewise lowered the skin temperature greatly when the 


2r 
oO 24 
b 
16 16 16 
5 
alt 
0 8 16 24 0 8 88 % 104 112 120 0 8 1% 24 
Time (min) 


Fig. 2. The insulated skin temperature and pulp temperature of subject C’s finger in ice water. 
Subject: (a) hot, (6) cold, (c) in cold bath. Finger immersed at time 0 in each case. 


— 


Minutes after immersion of finger 

Fig. 3. The effect of putting subject A’s feet in cold water and of adrenaline on cold vasodilatation 
in his finger. Subject: (a) hot, (b) comfortable, (c) cold, (d) hot, (e) cold. F, feet in cold water ; 
I, intramuscular injection of adrenaline 1/1000, 0-5 ml. , 
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subject was hot, but little when he was cold. Arterial occlusion was shown in 
preliminary experiments to bring about an immediate fall in skin temperature 
whatever the state of the subject. ne 

Fig. 4 gives similar information about subject D. Dilatation in this man’s 
finger never reached a steady level when he was cold, and the skin temperature 
was showing phasic variations when his feet were put into cold water, and 
when the adrenaline was given. However, the fall in the skin temperature that 
had started before his feet were immersed in cold water did not appear to be 
affected by their immersion, and adrenaline failed to halt a later wave of 


24 24} 
2 
} 


18 246 34% 4 SO 58 4 4 5S & 72 8 88 % 104 112 
: Minutes after immersion of finger 


Fig. 4. The effect of putting subject D’s feet in cold water, and of adrenaline, on cold vasodila- 
tation in his finger. Subject: (a) hot, (6) cold; J, F, as in Fig. 3. 


dilatation. Similar results were obtained from the other subjects. When they 
were generally hot, cold vasodilatation was always rapidly inhibited both by 
putting their feet in cold water and by adrenaline, while when they were cold, 
neither cooling their feet nor injecting adrenaline had any clear effect on the 
dilatation in three of the remaining subjects; when subjects C and G were 


cold the dilatation that developed was too brief and slight for the effect of 
these stimuli to be tested. 


DISCUSSION 


The main interest in these results lies in the fact that when fingers were cooled 
in ice water vasodilatation always took place in them, but that it did so more 
slowly when the men were chilled than when they were warm and in some 
cases was delayed for as long as an hour and a half. Although individuals 
developed the reaction at widely different rates when cold, variations between 
them were slight when they were thoroughly warm. The heat lost from the 
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finger after it had been immersed for 5 min must have come largely from the 
¢irculating blood. When they were generally cold, only two subjects had a good 
enough circulation in their fingers to transfer to them a significant amount of 
heat within 25 min of immersion (Table 2), while all showed a considerable 
heat loss when generally warm. Those subjects who dilated little when 
generally cold would clearly be liable to frostbite and other forms of cold 


injury to their fingers in arctic work. 


When cold vasodilatation had occurred in a hot subject, it was promptly 
inhibited by cooling the feet and by adrenaline (Figs. 3, 4). The arterioles.of 
the cooled finger were therefore capable of contracting. This rapid constric- 
tion did not occur if the subjects were generally cold. This may have been 
due in part to less of the drug reaching the finger, as a result of slower absorp- 
tion or of the slightly poorer blood supply to the finger in the cold. However, 
the absence of a marked fall in temperature after either cooling the feet or 
the injection of a large amount of adrenaline in the cold subjects is evidence 
that the arterioles of their fingers were relatively insensitive to physiological 


constrictor stimuli. The slight and slow fall in blood flow after adrenaline, 
as well as the spontaneous fluctuations that took place in the cold subjects 


fy 3), may be due partly to constriction of the large arteries of the finger 
and hand; slow responses are characteristic of larger arteries (Grant, 1930). 
The suggestion that the large arteries may affect the flow under these con- 


ditions is supported by the fact that the pulsation of the radial artery was 
_ always reduced in the cold, particularly in those subjects who had the lowest 
blood flow (Table 1). 


Since those subjects who showed the most marked dilatation in the cold 


_ room generally had the greatest heat loss in the cold bath (Table 2) the in- 


" dividual differences in response appear to have been fairly constant during the 
_ period of study. There was no apparent reason for these differences between 
the subjects; in particular, none had recently been exposed to an unusual 


; degree of cold, nor was any connexion noticed between body build and the 
‘ degree of dilatation. Lewis (1930) reported that cold vasodilatation was not 
confined to the extremities. Although estimates of blood flow were made only 


on the fingers in this study, it was noted that on immersion in cold water 
general flushing was greatest in those subjects who developed the reaction 


; most readily in their fingers (Table 2). It therefore seems likely that the in- 


- dividual differences in the reaction observed in the fingers also affected the 
_ entire skin of the body. 

Another point of practical importance is that cold vasodilatation can take 
place during the early stages, at least, of rapid chilling in cold water. Indeed, 
it then develops more readily than when the individual has been subjected to 
longer but less intense cooling in air (Tables 1 and 2), and must increase the 
over-all heat loss. This may be one reason why few men survive for as long as 
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2 hr in ice-cold water, while others have lived for two and a half days in water 
at 16° C (McCance, Ungley, Crosfill & Widdowson, 1956). It is interesting that 
a mechanism which has such a high positive value in protecting the ex- 


tremities against cold injury may have a detrimental effect on survival in 
really cold water. 


SUMMARY 


1. A method is described for following changes in the blood flow and heat 
loss of fingers in ice water. | 

2. Vasodilatation develops even in generally chilled people in response to 
local cooling, but at a rate which differs widely from person to person and in 
some is very slow. 

3. These individual differences are slight when people are hot. All subjects 
then achieved approximately maximal blood flows in response to local cooling, 
and at about the same rate. 

4. Once cold vasodilatation has developed in generally cold people it is 
little affected by vasoconstrictor reflexes or by adrenaline. 

5. Cold vasodilatation occurs in the fingers of people immersed in cold 
water. Individual differences in the reaction observed in the fingers appeared 
to be present in the rest of the immersed skin. 


Professor R. A. McCance supported and encouraged this work, and both he and Dr O. G. 
Edholm gave valuable help in the preparation of the paper. I am also indebted to the subjects for 


their co-operation under unpleasant conditions and to T. E. Armstrong of the Scott Polar 
Research Institute. 
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The ganglia, afferent nerve-endings and musculature of the 
| urethra in the cat. By R. C. Garry and H.8. D. Garven. Institute 
of Physiology, University of Glasgow 

_ The abdominal organs of two male and two female cats were fixed by per- 
- fusion (Bouin). The urethra and associated structures were dissected out and 
cut in lengths for paraffin embedding. From the blocks a series of sections 
_ were cut at approximately 2 mm intervals from base of bladder to distal end 
of urethra. In one male a quadrant of the whole bladder was sectioned. The 
_ sections were examined after staining by haematoxylin and eosin and by 
_ Masson’s method; special attention was paid to the presence of ganglia, of 
- receptors and to the type and arrangement of the musculature. 

_ Ganglia were infrequent in the mucosa but numerous both in the muscle 
- coat and outside it. In the female ganglia were very numerous at the neck of 
_ the bladder and less so proximal to the external urethral sphincter. In one 
_ male, ganglia were not frequent over the body of the bladder, while in both 
_ males they were very frequent at the base and frequent on the urethra between 
_ bladder and prostate. One large ganglionic mass was found associated with 
_ the distal vas deferens and the prostate on each side. Fewer ganglia were found 
between prostate and bulbo-urethral (s.v.) glands. 

Two types of receptor were identified in this preliminary investigation using 
_ general staining methods, the Pacinian corpuscle and the much smaller 
_ ‘cucumber’ or sausage-shaped ending. Pacinian corpuscles were found in the 
- mucosa, in the muscular wall and external to the muscle. In the female they 


| were mainly present at the base of the bladder, in the urethra just proximal 


- to and at the external sphincter and in the urogenital sinus. In one male 
neither Pacinian nor ‘cucumber’ endings were found on the body of the 
bladder. In both males Pacinian corpuscles were present at the base of the 
_ bladder, very numerous in the region of the prostate, less numerous at the 
_ B.U. gland level and infrequent along the corpus cavernosum. The ‘cucumber’ 
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endings were more common in the male and were found in the mucosa im- 
mediately below the transitional epithelium. They were present in the urethra 
between the bladder and the B.v. glands. 
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No recognizable anatomical sphincter was found at the base of the bladder. 
In the female, circular skeletal muscle fibres were present for a short distance 
proximal to the circular fibres which encircle both urethra and vagina. In the 
male, circular skeletal muscle fibres were found to extend from the prostatic 
region to the B.v. gland region. 


Neuromuscular spindles were found in the associated skeletal muscles. 
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An in vitro preparation of the rabbit colon perfused through the 
inferior mesenteric artery. By R. C. Garry, M. Hotmes* and 
Mary Wisnart. Institute of Physiology, University of Glasgow 

With the conventional in vitro Magnus preparation of gut drugs must be 
administered in abnormal fashion and in relatively large quantities; the pre- 
paration is disturbed when the surrounding fluid is changed to remove the 
drug. The blood vessels of the colon of the rabbit, however, can be perfused 
in an vitro preparation. Drugs can be given in small quantity through the 
arterial supply and the venous effluent can be collected. The surrounding fluid 
need not be contaminated by the drug. 


A. Apparatus for perfusion of rabbit colon in vitro 


Silicone Colon 
Tep rubber \ 95% O, 
5% 
| | Heat 
exchange 
coil 
| Venous outflow 
recorder 
B. Detail of cannula 
5 cm 10 cm 15cm 
Silicone rubber, Polythene Silicone rubber, Polythene, 
1-0 mm bore, adaptor 0:5 mm bore, 05 mm bore, 
1°0 mm wall 0-25 mm wall 0-25 mm wall 


Fig. 1 


A drawing of the apparatus is given in Fig. 1A. The arterial and venous 
cannulae are made of fine polythene tubing. Narrow-bore flexible silicone 
rubber tubing is attached to the cannulae so that free movement of the pre- 
paration is not hampered; details are shown in Fig. 1B. 

A young rabbit of 2-5 kg has the optimum weight; much mesenteric fat is 
a nuisance. After stunning, the rabbit is bled out. The abdomen is opened and 
the fascia, surrounding the origin of the inferior mesenteric artery from the 
aorta, is cleared away. The arterial cannula is filled with Krebs’s solution and 
its tip inserted into the inferior mesenteric artery through a slit in the anti- 
mesenteric aspect of the aorta. Injection of a small quantity of Krebs’s 
solution into the artery leads to dilatation of the inferior mesenteric vein and 


facilitates insertion of the venous cannula. This vein is best approached and 


- cannulated some 3 cm craniad to the inferior mesenteric ganglia. Approxi- 
_ mately 5 cm of colon is then excised, the caudal section being about 1 cm 


* McCunn Research Scholar, 1956-57. 
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caudad to the pelvic nerves. The colonic mesentery is cut as closely as possible 
to the posterior abdominal wall. The cut ends of the more cranial branches of 
the inferior mesenteric artery, and the caudal end of the artery itself, must be 
tied: the preparation then has a discrete, intact circulation. During the dis- 
section, which normally takes 30-40 min, the preparation is kept moist with 
chilled Krebs’s solution. 

The colon is suspended in Krebs’s solution at 37° C in one inner vessel of 
a multiple organ bath. Aeration is with 95% oxygen and 5% carbon dioxide. 
Krebs’s solution is the perfusing fluid, being delivered from a reservoir kept at 
a pressure of 100 mm Hg by a gas mixture of 95% oxygen and 5% carbon 
dioxide. A glass tap of large bore, between the reservoir and heating coil, can 
be rotated by a motor so that the flow may be either intermittent or continuous. 
With a pressure in the reservoir of 100 mm Hg the pressure just proximal to 
the arterial cannula is of the order of 50 mm Hg. Usually 2—3 ml. of fluid pass 
through the preparation in each minute. . 

A fluid electrode may be attached to the pelvic nerves. 

Intra-arterial injections are made through the thick-walled silicone rubber 
tubing just proximal to the cannula; the ‘dead space’ is no more than 0-03 ml. 
Acetylcholine and adrenaline, when perfused through the blood vessels, are 
effective in lower concentration than when added to the fluid in the bath. 


Regional variation in the resistance to stretching of human skin. 


By B. F. Marruews. Physiology Department, Marischal College, 
Aberdeen 


Recording of heart and respiration rates and blood pH in animals 
exposed to high oxygen pressures. By D. W. Taytor. Physiology 
Department, Marischal College, Aberdeen 


Nervous structures in the reticulo-rumen epithelium of the goat. 


By K. J. Huu. A.R.C. Institute of Animal Physiology, Babraham, 

Cambridge 
Frozen sections were prepared from the reticulo-rumen sac of kids (2-28 days 
old) which had been perfused with buffered methylene blue solution im- 
mediately after death (Meyling, 1953). In several areas of the rumen a fine 
network of beaded fibres was present in the subepithelial connective tissue and 
from this network occasional fine fibres could be seen passing into the sub- 
mucosa proper. Fibres also entered the stratified squamous epithelium of the 
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rumen and in suitable sections these fibres could be traced into the outermost 
| keratinized layers of the epithelium where they appeared to end as fine single 
filaments. 


Fig. 1. Branched ending in the stratified squamous epithelium of the ramen. Owing to the 
thickness of the section only parts of the ending are in focus ( x 514). 


In the region of the posterior ruminal pillar and in the reticulo-ruminal fold 
the fibres entering the epithelium gave rise to what appeared to be more com- 
plicated endings. These consisted of discrete branched, coiled, fibres which 
were beaded and which eventually terminated as fine filaments in the keratin- 
ized layer of the epithelium (Fig. 1). Investigations are in progress to 
ascertain whether similar structures occur elsewhere in the reticulo-rumen. 

: _ Tam indebted to Mr A. M. Lawn, Royal Veterinary College, London, for details of the methylene 
blue perfusion technique. 
REFERENCE 
Meyling, H. A. (1953). J. comp. Neurol. 99, 495-543. 


Changes in tension caused by uniform passive lengthening and 
shortening of the isolated guinea-pig ileum. By H. W. 


Kosteruitz. Physiology Department, Marischal College, Aberdeen 
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A large-diameter rumen cannula for sheep. By R. W. Asx. Rowett 
Research Institute, Bucksburn, Aberdeenshire 


A single stage operation has been devised in which an ebonite cannula 3-5 in. 
in diameter is sewn into the dorsal sac of the rumen. The cannula is fixed first 
by a purse-string suture and then by suturing a fold of rumen wall through 
slots in a polythene flange, placed between the serosal surface of the rumen 
and the parietal peritoneum. Fig. 1 illustrates the technique diagrammatically. 


Fig. 1. Cross-section through cannula, rumen wall and abdominal wall showing how folds 
of rumen are sewn over the polythene flange. The cap is not shown. 


The barrel of the cannula, threaded and fitted with an external Perspex 
_ flange and screw cap is exteriorized through the incision in the flank. Adhesions 
grow between the folds of rumen and between these and the parietal peritoneum 
to form a seal. It is necessary to bury the outer rim of the flange between folds 
of rumen for the whole of its circumference to secure the cannula. The principle 


of the method is similar to that described by Vaughan-Williams (1954) for — 


cannulating Thiry-Vella loops in dogs. 
This preparation has been used for direct observation of movements and for 
studying the sensitivity of the forestomach in conscious sheep. 


REFERENCE 
Vaughan-Williams, E. M. (1954). Pharmacol. Rev. 6, 159-190. 


A simple method of recording d.c. potentials. By A. Dosson. 
Rowett Research Institute, Bucksburn, Aberdeenshire 


A null-deflexion valve voltmeter potentiometer (Cambridge pH meter on the 
mV scale) is used with floating earth. Movements of the potentiometer knob 
made to keep the galvanometer at zero are transferred to a kymograph. In 


this way the alterations in potential applied to the terminals can be followed 
closely for short periods. 
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The potential between the rumen contents of a sheep and its blood can be 
followed using a pair of saturated KCl/calomel electrodes kept at room tem- 
perature in a water bath. A saturated KCl/agar bridge in 0-5 mm bore poly- 
thene tubing passing through a hypodermic needle in the jugular vein connects 
one electrode to the blood. Another bridge in 2mm bore tubing passing through 
a permanent ebonite rumen cannula connects the other electrode to the ramen 
contents. The presence of action potentials of the contraction of the rumen 
can be detected, superimposed on a steady potential. 

The pH of blood can also be recorded in heparinized sheep with suitably 
cannulated blood vessels. The blood flows through a siliconed glass chamber 
in which are a glass electrode, a thermometer and one end of a polythene tube 
containing saturated KCl/agar. The other end of this bridge leads to a calomel 
electrode kept at a constant temperature in running tap water. The electrode 
system is calibrated at the temperature of the blood with borate and phthalate 
buffers. This method has been used to record changes in pH of carotid blood in 
unanaesthetized sheep (Ash, 1956) and rumen venous blood in anaesthetized 
sheep (Dobson & Phillipson, 1956). 


REFERENCES 


Ash, R. W. (1956). J. Physiol. 188, 75-76 P. 
Dobson, A. & Phillipson, A. T. (1956). J. Physiol. 188, 76-77 P. 


Salivary secretion of anaesthetized sheep during distension of the 
rumen and oesophagus. By R. N. B. Kay and A. T. Paruirson. 
Rowett Research Institute, Bucksburn, Aberdeenshire 


Preliminary experiments have shown that inflation of the rumen of sheep, in 
which a ligature has been placed around the cervical oesophagus, to a 
pressure of about 10 mm Hg causes increased salivation, but higher pressures 
in the rumen annul this effect. 

The preparation demonstrated enables the effects of pressure in the oeso- 
phagus and the reticulo-rumen sac to be distinguished from each other. The 
oesophagus is isolated by ligatures at the cardia, avoiding damage to the 
abdominal roots of the vagus, and in the neck; each end is cannulated. Dis- 
tension of the segment so isolated to 5-10 mm Hg causes approximately a 
tenfold increase in the flow of parotid saliva but elicits little submaxillary or 
sublingual secretion. The flow of residual secretion from the mouth and nose 
is also increased and may equal that of the parotid saliva. Further increase in 


oesophageal pressure is without effect, but distension of the ramen reduces the 


response and at a pressure of about 15 mm Hg in the rumen complete inhibi- 
tion occurs. Salivary secretion is not increased by distension of the rumen 
alone. 
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The direct gradient layer calorimeter. By A. B. Catryie and 
J. D. Putnar. The Rowett Research Institute, Bucksburn, Aberdeenshire 


X-ray films of the alimentary tract of ruminants. By D. Benziz 
and A. T. Puritureson. The Rowett Research Institute, Bucksburn, 
Aberdeenshire 


A simple method for following the enzymic hydrolysis of insoluble 
cellulose. By G. Hatirweti. The Rowett Research Institute, Bucks- 
burn, Aberdeenshire 


The movements of the ruminant stomach as seen by cine- 
radiography and by direct inspection. By R. W. Asx, D. Benz 
and A. T. Pariirpson. (Film.) The Rowett Research Institute, Bucksburn, 
Aberdeenshire 


Desquamation of the intestinal mucosa and its significance. By 
A. M. Bapawy, R. M. Campsety, D. P. Curnpertson and B. F. Fett. 
The Rowett Research Institute, Bucksburn, Aberdeenshire 


A change in visual pigments in the life of the fresh-water eel. 
By D. B. Caruiste and E.J. Denton. The Marine Laboratory, Plymouth 


The fresh-water eel Anguilla anguilla (L.) has a purple-coloured retina when in 
the immature form. This agrees with the finding of Wald (1945-6) that the 
American fresh-water eel possesses a mixture of porphyropsin and rhodopsin. 
When the eel changes into the silver form for its migration to the deep sea, 
it changes its retinal pigment and its retina then has the golden colour 


characteristic of the deep-sea fish (Denton & Warren, 1956, 1957; Muntz, 
1957). 


We wish to thank the Royal Society for a Scientific Investigations Grant-in-Aid. 
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Muntz, F. W. (1957). Science, 125, 1142-1148. 
Wald, G. (1945-6). Harvey Lect. 41, 117-160. 
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Histamine and 5-hydroxytryptamine in mast cells from the rat 
and mouse. By Rosemary Cass, P. B. and J. F. 
Department of Pharmacology and Therapeutics, Queen’s College, Dundee 

Mast cells of the rat and mouse have been shown to contain both histamine 

and 5-hydroxytryptamine. The presence of these amines is described in mast 

cells from carcinogen-treated mouse skin and from the bones of calcium- 
deficient rats. 


Discharges in non-medullated afferent fibres in the cat’s saphenous 
nerve in response to touch and to drugs. By W. W. Dova.as and 


J. M. Rrroutz. Department of Pharmacology, Albert Einstein College of 
Medicine, New York 61, N.Y., U.S.A. 


We have recorded the physiological discharges in non-medullated fibres in 
twigs of the cat’s saphenous nerve using a recently described technique for 


detecting and measuring signals in non-medullated fibres in whole nerve 
trunks (Douglas & Ritchie, 1957). The technique depends on the fact that 


Fig. 1. Records of the compound action potential of a twig of the cat’s saphenous nerve taken 
before (left-hand record) and during (right-hand record) stroking of the skin supplied by the 
twig with a piece of cotton gauze. Following a small stimulus artifact can be seen two rapid 
spikes, the af and the 8 components of the A potential. These have been much reduced in 
size by high frequency shunts in the amplifier. The C potential, which is the large complex 
in the later half of each record, is not altered by the shunts: it shows two distinct elevations, 
the faster of which conducted at 1-0 m/sec at 32-5° C, the interelectrode distance being 
87 mm. 

Note that the «8, the 8 and the faster C component have all been reduced by stroking. 


when non-medullated fibres are firing physiologically a testing antidromic 
C potential evoked by maximal electrical stimulation of the nerve trunk is 
reduced in size because the antidromic impulses in some fibres are extinguished 
by collision with orthodromic impulses before reaching the recording electrodes: 
the greater the physiological discharge, the smaller the recorded C potential. 
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There are two main groups of non-medullated fibres in the cat’s saphenous 
nerve, most fibres belonging to the group which conducts slightly more 
rapidly. A powerful long-lasting sensory discharge was produced in this group 
of non-medullated fibres by close-arterial injection of 5-hydroxytryptamine or 
acetylcholine (20 yg in 0-2 ml.). These drugs are known to elicit pain from the 
human skin (Armstrong, Dry, Keele & Markham, 1953) and non-medullated 
fibres are commonly associated with pain, so this result is not surprising. 
What is more remarkable is that all, or nearly all, of these same non-medullated 
fibres of the more rapidly conducting group also fired in response to gentle 
mechanical stimuli, which could hardly be considered painful. Thus, they 
discharged vigorously when the skin was stroked with a cotton swab (Fig. 1) 
or when liquid paraffin at room temperature was poured over the skin. The 
discharges induced in these non-medullated fibres by tactile stimuli were also 
prolonged, and persisted for up to 10 sec after the stimulus was withdrawn. 
Neither the drugs nor the tactile stimuli produced any change in the slower 
conducting group of non-medullated fibres, which were probably sympathetic 


motor fibres. 
REFERENCES 


Armstrong, D., Dry, R. M. L., Keele, C. A. & Markham, J. W. (1953). J. Physiol. 120, 326-351. 
Douglas, W. W. & Ritchie, J. M. (1957). J. Physiol. 188,19-30. 


Hormone secretion by the placenta and ovaries during late 
pregnancy in the rabbit. By Brenpa M. Scuorietp. Department of 
Physwology, Royal Veterinary College, London, N.W.1 


Unilateral pregnancy was produced in New Zealand White rabbits by tying 
one Fallopian tube before mating. The staircase effect, shown by the myo- 
metrium of the non-gravid horn, was recorded to indicate hormonal domin- 
ance (Schofield, 1955, 1957). The rabbits were divided into three groups 
and were operated on the 24th, 25th or 26th day of pregnancy as follows: 
(1) removal of the ovaries; (2) removal of the gravid horn; (3) removal of 
the ovaries and the gravid horn. The staircase effect was recorded 1, 2 or 
3 days later. In a normal pregnancy progesterone is dominant (as shown by a 
negative staircase effect) up to the 29th day (Schofield, 1957). 

Ovariectomy led to abortion at any time from 20 to 49+ hr later. At this 
time the staircase effect was positive and the myometrium as responsive to 
oxytocin as in the parturient state (Schofield, 1957). The change-over to 
oestrogen domination occurred within 24 hr. This indicates that, after removal 
of the ovaries, either oestrogen is metabolized considerably less rapidly than 
progesterone, or oestrogen, but not progesterone, continues to be secreted. 

After removal of the gravid horn, the corpora lutea degenerate and 
follicles develop. The change-over in hormone dominance, as indicated by a 
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change in staircase effect from negative to positive, occurs about 48 hr later. 
This suggests that removal of the products of conceptions removes also some 
factor necessary for the maintenance of the corpora lutea. 

Removal of ovaries and gravid horn leads to a rapid change-over in 
hormone dominance from progesterone (negative staircase effect) to oestrogen 
(positive staircase effect) within 24 hr. This suggests either that oestrogen is 
metabolized considerably less rapidly than progesterone, or that there is some 
source of oestrogen other than the ovaries and placentae. 

All these operations lead to removal of the progesterone ‘block’ (Csapo, 
1956) more or less quickly and the myometrium becomes oestrogen dominated. 
This indicates that at this stage neither the ovaries nor the placentae can 
independently maintain the normal progesterone level. As soon as both pos- 
sible sources of progesterone are removed, the level in the reproductive tract 
declines rapidly. Oestrogen must have an additional source or be metabolized 
much more slowly. The placenta appears to make no significant contribution 
of oestrogen or progesterone in the absence of the ovaries. 


Caapo, A. (1956). Progesterone ‘block’. Amer. J. Anat. 98, 273-292. 

Schofield, B. M. (1955). The influence of the ovarian hormones on myometrial behaviour in the 
intact rabbit. J. Physiol. 129, 289-304. 

Schofield, B. M. (1957), The hormonal control of myometrial function during pregnancy. 
J. Physiol. 188, 1-10. 


The blood pressure of the frog. By I. A. Boyp and A, M. Maoxkay. 
Institute of Physiology, University of Glasgow 

The systolic blood pressure of frogs (Rana temporaria) was measured using 
a small mercury manometer connected to an air-filled cuff round the lower 
limb. The arterioles of the web of the foot were observed under the microscope, 
the pressure in the cuff necessary to stop the flow being recorded. This pro- 
cedure was carried out on normal, anaesthetized, decerebrate, spinal and 
pithed frogs. In many of the last four types of preparation simultaneous 
readings of cuff pressure and of a manometer directly connected to the sciatic 
artery of the other leg were compared. The cuff readings were about 8 mm Hg 
lower, the difference in any one frog being consistent. This may be related to 
the finding that the minimum pressure necessary to produce flow of fluid 
through perfused frog blood vessels lies between 7 and 10mm Hg. Cuff 
readings were corrected, therefore, by the addition of 8 mm Hg. 

The s.8.P. of unanaesthetized frogs, measured in spring time, ranged from 
14 to 49 mm Hg, the value for each frog being relatively constant. In sixty- 
eight frogs the mean s.B.P. was 30 mm Hg; the mean for males was 4 mm Hg 
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higher than for females. Frog weights varied from 16 to 53 g, but no relation 
between weight and B.P. was obvious. 


TasB.x 1. The effect of destroying the c.n.s. on the blood pressure of the frog. 
s.B.P. values are the means for the number of frogs indicated 


Systolic blood pressure 
No. of Anesthetized Decerebrate Spinal Pithed 
frogs (mm Hg) (mm Hg) (mm Hg) (mm Hg) 
Initial pressure 9 35 34 25 14 
above average 
Initial pressure 8 22 23 24 15 
below average 


Injection of 6 mg/g of urethane produced anaesthesia of 2-5 hr duration in 
less than 5 min; the s.n.pr. fell to about half the normal value and then 
recovered completely while the frog was still fully anaesthetized. Decerebra- 
tion then produced no change in the pressure. The effect of total destruction 
of the brain (spinalizing) depended on the initial value of the s.B.p.; when 
above average the pressure fell; when less than average the pressure was 
unaltered. Following pithing the pressure was always low (see Table 1). 


The effect of intravenous infusion of noradrenaline on the respiratory 
response to carbon dioxide in man. By D. J. C. Cunninenam, 
E. N. Hey and B. B. Luoyp. University Laboratory of Physiology, Oxford 


The methods of Cunningham, Cormack, O’Riordan, Jukes & Lloyd (1957) and 
of Barcroft, Basnayake, Celander, Cobbold, Cunningham, Jukes & Young 
(1957) have been used to examine the effect of intravenous noradrenaline on 
the relation between pulmonary ventilation and alveolar carbon dioxide 
pressure (pCO,). Eighteen experiments, each usually involving ten to fifteen 
steady-state observations of ventilation at various pCO,’s, have been performed 
on six male subjects. Alveolar pO, was maintained effectively constant at 
about 140 mm, pCO, was held between 36 and 60 mm and the rate of nor- 
adrenaline infusion was 0 or 8-15 yg/min. 

The ventilation, which lay between 10 and 70 1./min, was found to be well 
represented by the linear function S(pCO,—B) used by Lloyd, Jukes & 
Cunningham (1956) in considering the effects of anoxia. 

In all three experiments on one subject noradrenaline caused no significant 
change in B or § although the dose (10 g/min) was sufficient to slow the heart. 

In thirteen of the fifteen experiments on the other five subjects infusion 
of noradrenaline was associated with slightly decreased values of B, but no 
individual decrease was statistically significant. 

In fourteen experiments the infusion of noradrenaline was associated with 
small increases in 8, nine of which were statistically significant. They were 
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however much smaller than the increases in 8 that can be induced By 
anoxia. 

The present series of experiments thus provides evidence that in man, with 
alveolar pO, about 140 mm, intravenous noradrenaline usually causes a small 
increase in the slope of the ventilation-pCO, relation; i.e. in CO, sensitivity. 
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Reflex responses of the external urethral sphincter of the cat to 
filling of the bladder. By R. C. Garry, T. D. M. Roserrs and 
J. K. Topp. Institute of Physiology, University of Glasgow 


In decerebrate male cats electromyographic records were taken from the 
striped external urethral sphincter which was exposed by splitting the pubic 
symphysis. Intravesical pressures and changes in volume were recorded from 
the bladder with a twin-bore cannula inserted into the bladder through a cut 
in the proximal urethra. All three records, together with a time trace, were 
displayed on a four-channel pen recorder. 

The external sphincter showed a continuous tonic discharge of low frequency 
when the bladder was empty. Progressive filling of the bladder initially caused 
an increase in the activity of the sphincter. As filling continued, there was 
for a time little change in the pressure within the bladder and the activity in 
the sphincter continued unabated. Then, quite rapidly, two marked responses 
occurred, each taking several seconds for full development: the activity of the 
sphincter decreased and then ceased entirely, while the pressure in the bladder 
rose briskly and fluid was returned from the bladder. The sphincter remained 
inactive during the phase of raised pressure in the bladder. 

Usually the decrease in the activity of the sphincter and the rise in pressure 
within the bladder appeared to start about the same time. Not infrequently, 
however, the reduction in, and abolition of, sphincter activity clearly preceded 
by several seconds any detectable rise in bladder pressure. When the bladder 
was induced to contract isometrically there was a marked rise in the intra- 
vesical pressure and the activity in the sphincter disappeared ; in such cases 
there was no alteration in bladder volume. 

After transection of the spinal cord at the lower thoracic level filling of the 
bladder no longer brought about a reflex rise in intravesical pressure, at least 
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within the duration of an acute experiment. Activity in the external sphincter 


also disappeared but was again fully in evidence within 2 hr of the spinal 
section. Filling of the bladder now brought about disappearance of activity 
in the sphincter in complete absence of any reaction from the bladder. 

Receptors responsible for abolition of activity in the external sphincter 
respond then when the volume of the bladder is increasing at practically constant 
pressure and also when the pressure within the bladder is rising with or without 
reduction in volume. It would appear that receptors are stimulated both when 
the bladder wall is being stretched and also when the wall is contracting. 
Tension receptors in series with the contractile elements of the bladder 
wall could be expected to respond under both circumstances. Iggo (1955) has 
evidence for the existence of such receptors both in the urinary bladder and 
in the stomach. 

REFERENCE 
Iggo, A. (1955). J. Physiol. 128, 593-607. 


Cold injury. By 0. G. Epnoim, R. H. Fox, H. E. Lewis and R. K. 
Macruerson. Division of Human Physiology, National Institute for 
Medical Research, London, N.W.3 


Following immersion of the forearm in cold water, changes indicative of tissue 


damage have been observed. In one case which has been briefly reported 
(Edholm, 1951), after the measurement of forearm blood flow with plethysmo- 
graph temperatures ranging from —1-0° to +9° C for 1 hr, redness and swel- 
ling of the cooled part of the arm were noted approximately 20 hr later. 

On another occasion, in the same subject, plethysmographs on both arms 
were filled with water at 14-16° C and this temperature was maintained for 
90 min. The water was then cooled to 1-5° C and observations continued for 
a further 80 min. After removal of the plethysmographs the cooled areas were 
red; when the redness subsided, in approximately 10-15 min, the arms 
appeared normal and remained so for about 12 hr. Both arms then became 
red, swollen and tender. The inflammatory changes persisted for 7 days and 
then gradually diminished, the arms appearing normal 7 days later. 

The damage was restricted to the cooled area and appeared to be confined 
to the skin and subcutaneous tissue. There was no evidence of muscle or nerve 
damage. There was no desquamation or blistering, anaesthesia or paraesthesia. 

In five other subjects, one arm has been immersed on separate days in water 
at 18, 12, 9 and 6°C for 40min. In two subjects, injury was observed 
subsequent to immersion at 6° C, with a delay of 17-29 hr between the end of 
immersion and the first sign of injury. Areas of red, tender and swollen skin 
appeared on the forearm, increased in size during the next 12 hr and subsided 
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in 2-4 days. There was no evidence of injury in the other three subjects, even 
after a further immersion at 3° C. 

The injury appears to be distinct from frostbite, immersion foot, or 
chilblains. 
REFERENCE 


Edholm, O. G. (1951). Cold Injury. Trans. of the First Conference, 4-5 June, pp. 177-8. New 
York. Josiah Macy, Jr. Foundation. 


The metabolism of the young pig. By A. B. Careniz and J. D. Putzar. 
Rowett Research Institute, Bucksburn, Aberdeenshire 


Slow growth, high incidence of disease, and poor food conversion efficiency in 
piglets at low environmental temperatures have been frequently reported. 
Neither the variation of metabolic rate with environmental temperature nor 
the critical temperature of piglets has previously been investigated. 


TaBLE 1. The metabolic rate of piglets at different temperatures. The figures for each temperature 
are taken from a line drawn through the experimental data obtained from four piglets over 


this weight range 


Metabolic rate (kcal/day) 
Weight 
(kg) 15°C 20° C 25° C 30° C 
+ 530 430 370 330 
6 760 680 630 610 
8 _ 980 920 890 880 
10 1220 1160 1140 1150 
12 1450 1400 1400 1420 


In the work reported here twenty Large White x Wessex Saddleback boars, 
in five groups of four litter-mates, were castrated when 10 days old and placed 
in cages in a room temperature-controlled at 15°, 20°, 25°, or 30° C. They were 
fed ad lib. on a diet found suitable for early weaned pigs. Once per week, for 
a period exceeding a day, the pigs were placed individually in the gradient- 
layer direct calorimeter (Pullar, 1957), which had the same wall temperature 
and incoming air temperature as the cage room, and received food and water 
ad lib. The results are shown in Table 1. 

Because piglets remain in the weight range 4-12 kg for at most 5 weeks it 
is not possible to acclimatize the same group to more than one temperature. 
However, close agreement was found between two groups maintained at 20° C. 

It will be noted that the critical temperature of piglets fed ad ld. on this 
diet exceeds 30° C for piglets of 6 kg and under and is about 20°C at 10 kg. 


REFERENCE 
Pullar, J. D. (1957). Advanc. Sci., Lond., 18, 491-493. 
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The denaturation of cod muscle protein during cold storage. By 
R. M. Love. Physiology Department, Marischal College, Aberdeen 


Effects of different oxygen pressures on vitamin E-deficient and | 
treated rats. By D. W. Taytor. i Department, Marischal : 
College, Aberdeen 


The immediate effect of altered tracheal resistance on respiratory 
effort. By J. Freeman* and R. W. Torrance. University Laboratory of 
Physiology, Oxford 

When the tracheal resistance is altered after inspiration or expiration has 

begun, the rate of air flow immediately changes but tends to return to normal ’ P 

before that phase of respiration has ended. Fleisch (1944) has attributed this 1 B 


reaction to compensatory proprioceptive reflexes of the respiratory muscles, 
and has concluded from denervation experiments that one of the afferent 
pathways runs in the phrenic nerve and the ventral spinal roots associated 
with it. Van Niekerk & Ter Braak (1935) and Riedstra & Dirken (1953) 
regarded the effect as a purely peripheral one in vagotomized animals, but 
Petitpierre (1944) has produced some evidence from records of the efferent 
electrical activity of the whole phrenic nerve that a reflex is involved. How- 
ever, he did not record the activity of individual inspiratory motor units. In 
the present work this has been done in vagotomized cats and rabbits under | 
pentobarbitone anaesthesia when the tracheal resistance was altered during 
inspiration. 

In cats, action potentials were recorded from slips dissected under paraffin 
from the side of the phrenic nerve. In rabbits, action potentials of single 
diaphragmatic motor units were recorded from the xiphisternal slip by means 
of electrodes (Liddell & Phillips, 1952) applied to its exposed surface. The 
respiratory resistance used caused a maximum reduction of tracheal pressure 
of 9-16 cm H,0 if applied at the beginning of inspiration. | | 

In three cats, 6 units were observed. Applying or releasing a resistance early 
or late in inspiration did not alter the duration or the frequency of the discharge 
of phrenic units. 

Fleisch considers the possibility that the motor fibre also acts as an afferent. 
In these experiments the dissection procedure might have interrupted the 
afferent pathway. In the experiments on rabbits this criticism does not apply. : § 

Observations were made on a total of 16 units in six rabbits. When the | . 
tracheal resistance was increased or decreased during inspiration, there was no 
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consistent alteration in the number of impulses per breath or in the frequency 
of discharge. The changes in air flow are most marked when the resistance is 
increased in the first half of inspiration. 288 such observations were made and 
an analysis of variance was performed on the number of impulses in the control 
and stimulus breaths. This gave no indication that the stimulus alters the 
efferent discharge of the phrenic nerve. This work does not support Fleisch’s 
assertion that there is an inspiratory proprioceptive reflex with afferent fibres 
in the phrenic nerve and its ventral roots. No observations have been made on 
expiratory muscles. 
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Effect of sweet-pea poisoning on strength of bone and skin. By 
G. H. Betz, Orrve Dunpar, J. A. J. and Jean OLIvEr. 
Departments of Physiology, Surgery and Physics, Queen’s College, University 
of St Andrews, Dundee 


As is now well known it is easy to produce lathyrism in rats, especially young 
rats, by feeding them on sweet peas. Table 1 summarizes the results of a 
preliminary experiment in which young rats were fed on a diet containing 
50% sweet peas. The main finding is that the breaking stress, or the quality, 
of the bone material was reduced to one-quarter of that of the controls without 
any alteration of ash or water content. The X-ray diffraction pattern of the 
inorganic material of the bone was the same in lathyritic and control animals. 


A B C 
50% sweet pea 50% green pea Stock diet 
No. of rats 9 9 4 


Body weight (g): initial 37 36 28 
Femur weight 2-3 
Wij4 (s) 1-38 2-38 2-53 
stress 71 30-0 29-4 
Tibia: % ash 56-7 58-6 59-7 
water 10-6 11-0 11-4 


W1/4 is the bending moment in Lb.in. required to break the femur. Breaking stress of the 
femur is expressed in 1000 Lb./sq.in. 


Since lathyritic rats show marked deformities of collagenous structures 

throughout the body it seems reasonable to speculate that the bone material 

is weak because the collagen in it is abnormal or because its linkage with the 
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inorganic material is altered. The strength of the skin was markedly reduced 
in the fathyritic animals. 

This work was supported by grants from the Scottish Hospitals Endowments Research Trust 
and by the Medical Research Council. 


The representation of the retina on the optic lobe of the frog. By 
R. M. Gaze. Physiology Department, University of Edinburgh 


Depletion of the cardiac catechol amines by reserpine. By I. R. Iynzs 
and O. Krayer. Department of Pharmacology, Harvard Medical School 


Depletion of the catechol amine content of the heart by reserpine has been 
demonstrated by Paasonen & Krayer (1957). Reserpine was shown to cause 
a transient cardioacceleration in the dog heart-lung preparation. This cardio- 
acceleration was absent if the amine content of the heart had already been 
reduced by administration of reserpine to the dog 2-3 days previously. It was 
concluded that depletion was caused by liberation of the amines. 

Further evidence for the release of sympathomimetic substances is given by 
observations on auriculo-ventricular conduction in the heart-lung preparation 
of the dog. With the method of Krayer, Mandoki & Mendez (1951) measure- 
ments were made of the A-V propagation time and of the functional refractory 
period of A-V transmission. | 

Recordings made during the period of cardioacceleration following addition 
of reserpine to the circulating blood showed marked shortening of the A-V 
propagation time and reduction of the functional refractory period of A-V 
transmission, effects which are similar to those produced by a constant infusion 
of adrenaline. After 90-120 min the heart rate was decreased and A-V pro- 
pagation time and functional refractory period were lengthened. 

Dogs treated with reserpine 2-3 days previously were used to provide heart- 
lung preparations already depleted of adrenaline and noradrenaline. In such 
preparations reserpine did not shorten the A-V propagation time or the 
functional refractory period, but prolonged their duration. 

Where the experiments were preceded by treatment with reserpine the 
initial heart rate was lower than in untreated preparations. The sensitivity to 
the cardioaccelerator action of ephedrine was reduced. A larger dosage of 
ephedrine was required to obtain the maximal increase in heart rate, although 
this increase was much lower than that found in untreated hearts. 
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Compensatory eye movements in the pigeon. By F. Sommer and 
D. Wuirteriper. Department of Physiology, University of Edinburgh 


According to Benjamins & Huizinga (1927) rotation of the head of the pigeon 
about the bitemporal axis produces a compensatory rotation of the eye, but 
if this is measured after the head movement has stopped, it does not amount 
to more than 10% of the angle of the head rotation. This we have confirmed in 
decerebrate pigeons. As Merton (1956) found a much larger compensation in 
man during rotation, we have investigated the compensation which occurs 
during as well as after rotation in the pigeon. 

Angular movements, with the bird in a specially constructed swing, 
were signalled by mirrors attached to head and cornea. The ratio eye 
movement/head movement expressed as a percentage served as a measure of 
compensation. 

During angular displacements of the head the greatest compensation seen 
was 80%, for angles up to 6° and velocities over 5°/sec. With larger displace- 
ments compensation decreased to 50-60% at 12°. With velocities below 5°/sec 
compensation decreased to 20% at 2°/sec, but with higher velocities it re- 
mained fairly constant. After the new position of the head was reached, the 
eye drifted back to its resting position with 10% residual compensation in 
3-4 sec. 

The head was also subjected to sinusoidal movements of constant frequency 
and decreasing amplitude provided by a pendulum. At 1 c/s, the compensation 
reached a maximum of 80-90% between 2 and 5°, flattening off to 40% and 
60% at 12 and 1° respectively. With a frequency of 0-5 c/s maximal com- 
pensation occurred with a somewhat larger amplitude of movement. 

Action potentials from the superior oblique muscles were obtained in both 
situations described and showed: 

(1) A minimum latency for initial velocities of about 50°/sec of 8-10 msec. 

(2) Discharge frequencies recorded in single motor units were between 15- 
150 impulses/sec, increasing with angular acceleration of the head (cf. Reid, 
1949). 

Variations of compensation with changing velocities could be expected, if 
one regards the cupula as a torsion pendulum (van Egmond, Groen & Jongkees, 
1949). The rapid decrease of compensation towards very low angular velocities 
suggests a threshold velocity of less than 2°/sec. In control experiments the 
amplitude of eye movement was unaffected by blackening the cornea. In the 
remaining experiments vision was obscured by the corneal mirror, and we can 
therefore exclude fixation reflexes. Neck reflexes can also be excluded as the 
whole bird was moved. The reactions described are therefore likely to originate 
in the labyrinth, but the decrease of compensation with increasing amplitude 
cannot be explained on a purely labyrinthine basis. 
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Nitrogen balance studies in adult cats. By J. P. Greaves and 
Parricta P. Scorr. Royal Free Hospital School of Medicine, University 
of London 


8-Galactosidase in mammalian tissues and its response to sex 
hormones. By J. Concuiz. Rowett Research Institute, Bucksburn, 
Aberdeenshire 
The enzyme f-galactosidase, like the glycosidases 8-glucuronidase, «-manno- 
sidase and £-N-acetylglucosaminidase, has been found to be widely distributed 
in the tissues of the mouse and the rat. The principal sources of the enzyme in 
these animals are given in Table 1. The distribution of enzyme activity is very 
similar to that of «-mannosidase (Conchie, Findlay & Levvy, 1956), a notable 
exception being adult mouse epididymis which showed high, but not outstand- 
ing, activity. By far the highest activity was observed in adult rat epididymis, 
while the corresponding values for infant animals 10 days old were in marked 
contrast (4750 units per g tissue). Infant mice also showed a fall in epididymal 
activity to about 1000 units per g tissue. Activity in all other infant tissues was 
comparable to adult levels, sometimes being a little higher. The presence of the 


enzyme in the semen of various animals has already been demonstrated 
(Conchie & Mann, 1957). 


£-Galactosidase in some mouse and rat tissues 


Results are expressed as yg o-nitrophenol liberated per g moist tissue from 0-0025m™ o-nitro- 
phenyl 8-p-galactoside in 1 hr at 37° and pH 3-6. (M.=male; F. =female.) 


Mouse Rat 

Tissue M. F. M. F. 
Liver 1207 1102 4,991 4,842 
4215 2608 11,205 6,550 
Ant 4421 1898 8,785 11,103 

idymis, Caput 6112 — 19,210 — 

Epididymis, Cauda 4495 — 76,800 Sa 

Testis 2889 — 1,833 _ 
Uterus 3010 4,110 
Ovary 2518 7,500 


Like the other glycosidases mentioned above, f-galactosidase is under sex 
hormone control. Adult mouse uterine levels, which fell to about one-third of 
normal after ovariectomy, could be raised to values approaching normal by 
administration of oestrone. Orchidectomy of adult rats caused a 26-fold drop 
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in epididymal activity. This value could be raised to over half the normal level 
by prolonged testosterone administration. Mice after orchidectomy had about 
half the normal epididymal value. 

A further resemblance between f-galactosidase and other mammalian 
glycosidases is its occurrence in various tumours, both mouse and human. 
It can be differentiated from these glycosidases by use of the selective inhibitor 
galactonolactone (Conchie & Levvy, 1957). 


Conchie, J., Findlay, J. & Levvy, G. A. (1956). Nature, Lond., 178, 1469. 
Conchie, J. & Levvy, G. A. (1957). Biochem. J. 65, 389. 
Conchie, J. & Mann, T. (1957). Nature, Lond., 179, 1190. 


Effects of disease and malnutrition on the maturation of the 
reproductive organs of the female cat. By M. G. Scorr and 
Patricia P. Scorr. Royal Free Hospital School of Medicine, University 
of London 


The site of phlorrhizin inhibition of intestinal glucose absorption. 
By H. Newry, B. J. Parsons and D. H. Smyru, Department of 
Physwology, University of Sheffield 

The mode of action of phlorrhizin in inhibiting glucose absorption from the 

intestine must be regarded as still unknown, nor is there even any evidence as 

to the part of the cell where the effect is produced. The following experiments 
were carried out to obtain information on possible sites of action. 

The preparation used was the in vitro intestinal preparation of Wiseman 
(1953) as modified by Smyth & Whaler (1953) for collection of the metabolic 
carbon dioxide produced by the intestine. This preparation can transfer glucose 
from the mucosal to the serosal side against a concentration gradient. Radio- 
active glucose (“C-labelled) was placed in either the mucosal or serosal fluid, 
and by collection of the CO, and determination of its radioactivity the amount 
of glucose metabolized coming from the mucosal or serosal fluid was estimated. 
It was found that 75-80% of the glucose oxidized by the preparation came 
from the mucosal side, and about 20-25% from the serosal side. 

In the presence of increasing concentrations of phlorrhizin the transport of 
glucose was inhibited, as is well known. At the same time it was found that the 
amount of glucose from the mucosal side oxidized was decreased, while the 
amount from the serosal side oxidized remained unchanged. For example, at 
5 x 10-*m phlorrhizin oxidation of glucose from the mucosal side was inhibited 
by 80%, while that from the serosal side was unaffected. This concentration of 
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phlorrhizin was found not’ to have a significant effect en the endogenous 
metabolism of the intestine. 

In considering the site of action of phlorrhizin we can think rather generally 
of two main kinds of possibilities; that phlorrhizin might prevent glucose 
entering the cell at the mucosal side, or it might prevent it leaving at the 
serosal side. In the former case, phlorrhizin should prevent not only the 
transport of glucose, but should also prevent glucose from the mucosal side 
taking part in metabolism, while in the latter case phlorrhizin would prevent 
transport, but would not prevent glucose from the mucosal side being oxidized. 
The results obtained make it quite clear that the former possibility is the more 
likely, and the site of action of phlorrhizin appears to be at the mucosal border 
of the cell, where it prevents glucose entering the cell (in the sense that the 
glucose does not take part in cellular metabolism). Since glucose from the 
serosal side can still be oxidized, and since the endogenous metabolism of the 
intestine is not depressed, it is unlikely that the results can be explained by 
inhibition of metabolism by phlorrhizin. 
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The influence of some surface active substances on the responses 
of guinea-pig gut to potassium chloride. By A. T. Macquzen. 
Department of Physiology, Queen’s College, University of St Andrews, 
Dundee 


Macqueen (1955) gave a brief account of the effect of a mixture of secondary 
alkyl sulphates (‘Teepol’—a synthetic detergent) on the responses of guinea- 
pig gut to common spasmogens. This communication describes the influence of 
‘Teepol’, of primary (1-DSS) and secondary (2-DSS) dodecyl sodium sulphate, 
and of sodium lauryl sulphate (SLS) on the responses of guinea-pig ileum to 
potassium. The effect of three other surface active substances (s.a.s.), one 
anionic, similar to the above group, one cationic, and one non-ionic, will be 
mentioned. 

All members of the principal group of s.a.s. under investigation are capable 
of potentiating the responses of the preparation to KCl. This phenomenon has 
been submitted to statistical investigation and been shown to be significant 
(P 0-001). Possible modes of action will be mentioned (Matalon & Schulman, 
1949; Davson, 1951; Schulman & Hocking, 1955). Doses larger than those 
required for potentiation depress the KCl responses; within the time limits of 
the experiments, both potentiating and depressing changes appear reversible. 
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Comparison between tracings showing potentiation of potassium responses 
by veratrine and potassium itself, with those produced by s.a.s. of the dodecyl 
group, suggests that, if the latter acts in any way like either of the former, it 
does so like K rather than like veratrine. 

Mannoxol OT (anionic 8.a.s.), Lissapol (non-ionic s.a.s.), and cetyl-dimethyl- 
benzyl-ammonium chloride (cationic s.a.s.) all depress KCl responses. 


I am indebted to Professor Bell for continued encouragement and to Dr Pankhurst, of the 
Leather Research Association, for the supplies of 1- and 2-DS8S. 
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The responses of the reticulum and parotid gland of the conscious 
sheep to stimulation of the forestomach. By R. W. Asx and 
R. N. B. Kay. Rowett Research Institute, Bucksburn, Aberdeenshire 


The sensitivity of the forestomach to mechanical stimuli has been mapped in 
twenty-one experiments on four sheep. A large diameter cannula inserted into 
the dorsal sac of the rumen at a previous operation gave access to the interior 
of the reticulo-rumen. About 16 hr before an experiment one parotid duct was 
cannulated through its papilla under pentobarbitone anaesthesia. Changes in 
the flow of parotid saliva and in the pattern of reticulum contractions were 
recorded as indices of sensitivity. 

Only certain regions of the forestomach gave responses. Rumination was 
produced by stroking with a rubber thimble the anterior and longitudinal 
pillars, the reticulo-rumen fold, the cardia, the reticulo-omasal orifice and the 
lips of the oesophageal groove when the rumen contained digesta. Responses 
characteristic of rumination, namely, triphasic contractions of the reticulum, 
attempts at regurgitation, brief periods of chewing and frequent abdominal 
contractions were still obtained by stimulation of these areas after the rumen 
had been emptied. Increased parotid secretion accompanied the triphasic 
reticulum contractions whether the rumen was full or empty. The responses 
occurred within 30 sec in sensitive animals but repeated stimulation often 
resulted in delayed, diminished or even inhibitory responses. 

Tactile stimulation of small areas of the reticulum or gentle squeezing of its 
epithelium and musculature increased the frequency of reticulum contractions, 
which often became polyphasic, without significantly increasing parotid 
secretion. Rumination and increased parotid secretion often occurred subse- 
quently. The posterior pillar, posterior part of the dorsal sac and ventral sac 
were relatively insensitive. 


7 
i 
‘ 


24P PROCEEDINGS OF THE PHYSIOLOGICAL 


Stretch of the cardia with a 1-9 cm diameter tube elicited an immediate, 
copious and well-maintained flow of saliva; the response of the reticulum was 
variable. A period of rumination often followed this stimulus. Similar re- 
sponses were evoked by stretch of the terminal oesophagus. Stretch of the 
reticulo-omasal orifice greatly increased parotid secretion and increased the 
reticulum contractions, which sometimes became polyphasic; usually there 
was some adaptation to prolonged stimulation. 

These results indicate that receptors present in the reticulo-rumen are able 
to initiate rumination and substantially modify the activities of the reticulum 
and parotid gland in the conscious animal. 


Refiex contractions of the reticulum and rumen and parotid 
salivary secretion. By R. 8. Comrie and D. A. Trrcuen. Physio- 
logical Laboratory, University of Cambridge 

Reflex contractions of the reticulum may be evoked by, among other forms of 

stimulation of the stomach, stretch of the reticulum or a reduction in the pH of 

the contents of the abomasum (Titchen, 1953). An increased rate of parotid 
salivary secretion may be associated with such reflexly stimulated contrac- 
tions of the reticulum (Comline & Kay, unpublished observations). In addition 
tactile stimulation, particularly of the region of the cardia and lower part of 
the thoracic oesophagus, was found to be an effective stimulus to reflex 

secretion of parotid saliva in ruminants (Comline & Kay, 1955). 

In the present experiments the reflex responses of the parotid gland and of 
the reticulum and rumen have been examined in decerebrate preparations of 
sheep and goats during the application of stretch to different parts of the 
reticulum and rumen. Stretch of the reticulum alone caused contractions of 
the reticulum, a slight increase in parotid salivary flow and weak, if any, con- 
tractions of the rumen. The same degree of distension of a balloon which 
projected from the reticulum through the reticulo-rumenal orifice was followed 
not only by contractions of the reticulum but, in addition, by forceful and 
frequent contractions of the rumen and a copious secretion of parotid saliva. 
The contractions of the rumen gradually increased in force after the application 
of this stimulus. In contrast, the parotid salivary response reached a maximum 
level more rapidly and thereafter declined gradually with periods of increased 
flow succeeding each contraction of the reticulum and rumen. Distension of 
a balloon in the anterior part of the rumen immediately beyond the reticulo- 
ruminal fold was not followed by contractions of the rumen or reticulum. 

The reflex contractions of the reticulum and rumen and particularly those 
of the parotid glands were inhibited by distension of the abomasum or over-all 
distension of the rumen. Dissection or operative interferences, especially those 
which involved the abdominal wall, frequently produced a profound inhibition 


of tk 
and 
sec 
retic 
4 Th 
The 
te 
rat 
| co 
exc 
sa 
| dig 
12 
Ten 
In 
an 
in 


SOCIETY, 27-28 SEPTEMBER 1957 25'P 


of the reflex contractions of the rumen. The reflex responses of the reticulum 
and parotid glands were not affected as severely. 

In these experiments the most effective reflex stimulus to parotid salivary 
secretion and contractions of both the reticulum and rumen was stretch of the 
reticulo-ruminal fold and reticulum. 
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The removal of nitrogen at different levels from the alimentary 
tract of the sheep. By J. P. Hocan. Rowett Research Institute, 
Bucksburn, Aberdeenshire 


The flow of digesta was exteriorized by means of the technique of Wasteneys, 
Crocker & Hamilton (1942), either in the first part of the duodenum or in the 
terminal part of the ileum. Six Blackface sheep were maintained on a standard 
ration of hay supplemented by a mixture of meals and the faecal output was 
collected to provide information on the nitrogen, dry matter and water 
excreted on this ration. The experimental animals, eight in all, were fed on the 
same ration and consumed the same quantities of food. Periodically the total 
digesta passing from the duodenum or from the ileum were collected over a 
12 hr period. A sample was taken from every 50 ml. collected and the 
remainder was re-introduced slowly into the gut beyond the exteriorization. 
In this way the water, dry matter and nitrogen passing through the duodenum 
and the terminal part of the ileum were estimated ; the results are summarized 
in Table 1. 


Tas_z 1. The quantities of water, dry matter and nitrogen in the food, 
intestinal contents and in the faeces of the sheep 


Moisture Dry matter Total N No. of 
(ml./12 hr) (g/12 hr) (g/12 hr) measurements 
Food 1100 415 
Pylorus 4300 225 
Tleo-caecal junction 2200 196 4-2 8 
Faeces 150 140 4-0 30 


These figures show that a gain of about 3 1. of water occurs in the stomach 
and most of this presumably comes from the saliva and gastric juice. Most of 
this water is reabsorbed in both the small and large intestines. Almost 70% 
of the digestible dry matter of the ration is lost. between the mouth and 
duodenum. About 11% more is lost between the duodenum and the caecum, 
and the remaining 19% between the caecum and the anus. About 36% of the 
digestible nitrogen is lost in the stomach and about 64 % in the small intestine. 
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Losses from the large intestine are negligible. It has been estimated that about 
0-6 g nitrogen is secreted into the abomasum each twelve hours, while the 
nitrogen secreted into the small intestine during the same period may 
amount to 6-5 g. 

REFERENCES 


Wasteneys, H., Crocker, B. F. & Hamilton, P. (1942). Amer. J. Physiol. 135, 6. 


Collection of pancreatic juice from the conscious sheep. By K. J. Hii. 
and R. B. Taytor. A.R.C. Institute of Animal Physiology, Babraham, 
Cambridge 

In the sheep the pancreatic duct joins the common bile duct so that a mixture 

of pancreatic juice and bile passes through a common duct into the duodenum. 

The following method has been developed to allow the collection of pancreatic 

juice by the Thomas technique (Hart & Thomas, 1945). The common bile 

duct was located and followed until it disappeared into the duodenal wall. 


Gall-bladder 
Polythene 
tubing 
Jejunum Perspex cannula 
a to side 
anastomosis 
Fig. 1 


A Perspex cannula was then inserted into the duodenum directly opposite the 
papilla of Vater, secured in position with a purse-string suture and brought 
out to the surface through a stab wound in the abdominal wall (Fig. 1). 

The common duct was doubly ligated between the junction of the cystic 
and hepatic ducts and the entrance of the pancreatic duct. This prevented the 
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flow of bile along the common duct and ensured that only pancreatic juice 
entered the duodenum through the sphincter of Oddi. An alternative channel 
for the bile was provided in the following manner. The initial part of the 
jejunum was transected and continuity of the tract restored by end to side 
anastomosis of the cranial cut end to a point on the jejunum about 40 cm 
caudal to the transection. The caudal cut end of the jejunum was then joined 
to the gall-bladder by means of a 15 cm length of 5 mm diameter polythene 
tubing. An adequate distance was thus obtained between the gall-bladder 
and the intestinal contents and the risk of reflux flow of ingesta into the gall- 
bladder minimized. A thin layer of plastic sponge (Ivalon) wrapped round the 
polythene tubing made it possible to anchor the tubing firmly into the intestine 
and the gall-bladder. 

Pancreatic juice was collected by inserting a small polythene catheter into 
the common duct. Escape of duodenal contents was prevented by placing a 
screw cap on the duodenal cannula, the polythene catheter passing out through 


a small hole in this cap. 
REFERENCE 


Hart, W. M. & Thomas, J. E. (1945). Gastroenterology, 4, 409-420. 


Differences in milk yield and composition between first and second 
lactations. By F. E. Hyrren. Physiology Department, Marischal 
College, Aberdeen 


Active transport of sodium by the intestine in vitro. By Eprira 


Henpiey and D. H. Smyru. Department of Physiology, University of 

Sheffield 
Evidence has been produced by Fisher (1954) and by Smyth & Taylor (1954) 
that transport of water by the im vitro intestine is an active process dependent 
on the metabolism of the intestine. Smyth & Taylor (1957) have also shown 
that when Krebs’s bicarbonate saline is used sodium is transported iso- 
osmotically, thus suggesting that transport of sodium and water are linked. 
They further suggested that active movement of sodium might be the primary 
factor in the process, though in fact no definite evidence for this existed. 
If it could be shown that the intestine could actually concentrate sodium, 
there would be evidence for the existence of an active process concerned with 
sodium movement, and the purpose of the present communication is to show 
that under certain conditions concentration of sodium by the intestine is 

ible. 
The method used was the in vitro intestinal preparation of Smyth & Taylor 
(1954) in which no outer fluid is present. This preparation is particularly 
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suitable for demonstrating changes in concentration of substances transferred, 
as the small volume of fluid transferred to the serosal side is not mixed with 
a larger volume of fluid already there. In these experiments, in order to 
provide an opportunity for sodium concentration, a mucosal fluid was used 
consisting of Krebs’s bicarbonate saline with added glucose, but containing 
reduced amounts of sodium chloride, while retaining the normal concentration 
of the other constituents. In these conditions it was found that although the 
volume of the fluid transferred by the intestine was reduced, the fluid transferred 
contained sodium in a considerably higher concentration than in the mucosal 
fluid. In one experiment, where the initial concentration of sodium in the 
mucosal fluid was 7-7 m-mole/100 ml. instead of the usual 14-3 m-mole/100 ml., 
the concentration of sodium in the fluid transferred was 10-9 m-mole/100 ml. 
Such a result would appear to be possible only when there is active movement of 
sodium. 

Glynn (1957) has shown that sodium transfer in the red cell is inhibited by 
digoxin and we have tried the effect of similar concentrations of digoxin on 
sodium movement by the intestine. In a few preliminary experiments, we 
have not been able to obtain evidence of inhibition of sodium or water trans- 
port by digoxin. There are certain obvious differences in the transport of 
glucose by the red cell membrane and by the intestine, and our results suggest 
that there may also be differences in the mechanism for transport of sodium. 
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Inhibition of autonomic neuro-effector transmission by morphine. 
By H. W. Kosteruirz, Jupira A. Ropinson and D. W. Taytor. 
Department of Physiology, University of Aberdeen 

The contractions of the longitudinal muscle layer of the isolated guinea-pig 

ileum were recorded isometrically and dose-response curves obtained for 

acetylcholine, carbachol, histamine, 5-hydroxytryptamine (5-HT), nicotine 
and Ba*+. Addition of morphine in a concentration of 10-7 led to inhibition 
of the contractions caused by 5-HT, nicotine and Ba*+. However, this inhibi- 
tion was never complete and was not increased by raising the morphine con- 
centration. Under the conditions of these experiments, there were no definite 
signs of ‘tolerance’ developing within 2 hr after the addition of morphine. 

The contractions caused by acetylcholine, carbachol and histamine were some- 

times slightly reduced immediately after the addition of morphine to the bath 

but this depression was usually transient. In the presence of morphine (10-’), 
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atropine in a concentration of 1-5 x 10- had only a small additional inhibitory 
effect on the contractions caused by 5-HT and Ba*+, while in the case of 
nicotine this was more pronounced. When atropine (5 x 10-*) had been added 
to the bath first, morphine did not cause any further depression. Presence or 
absence of hexamethonium did not influence the effect of morphine on the 
actions of 5-HT and Ba**. 

These findings agree with the view that 5-HT, Ba*+ and nicotine stimulate 
nervous structures, causing contraction of the longitudinal muscle coat by 
release of acetylcholine and that morphine brings about a depression of these 
structures (Ambache & Lessin, 1955; Kosterlitz & Robinson, 1955; Schaumann, 
1955; Paton, 1956). An attempt was made to obtain further support for this 
hypothesis by studying the effect of morphine on the slowing of the heart 
caused by supramaximal stimulation of the right vagus at low frequencies. 
In spinal cats, morphine in doses of 0-2—-10 mg/kg reduced the effect of vagal 
stimulation on the heart rate by 15-30%. In rats anaesthetized with chlora- 
lose-urethane, morphine in doses of 0-25-1-25 mg/kg caused a depression of 
the vagal effect of 40-60°%. In addition, after injection of morphine there was 
a delay in the onset of cardiac slowing. The decrease in cardiac slowing and 
the delay in onset were at least partly abolished by the morphine antagonist, 
N-allylnormorphine (nalorphine). While these results appear to support the 
hypothesis outlined above, the possibilities of morphine inhibiting the trans- 
mission in the intracardiac ganglia or decreasing the sensitivity of the sino- 
auricular node to acetylcholine have not been excluded. 
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resting membrane potentials in isolated 
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for initiation of (cat), 242 
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intrafusal, twitch and slow fibres junc- 
tional potentials comparison in (frog), 15 
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